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 The US navy has a critical need for air independent advanced electric power 
sources to replace batteries in unmanned undersea vehicles (UUVs).  Solid oxide fuel 
cells (SOFCs) are being considered as one potential replacement option.   However, 
SOFCs typically operate using atmospheric air as their oxidant which is not an option for 
this underwater application.  For this application, pure pressurized oxygen would be used 
as the oxidant which motivates the search for a cathode material which would be optimal 
for a high oxygen partial pressure environments.   
Specifically, this research focuses on cathode materials which can exploit the 
unique operating conditions required for UUVs.  The operation in 100% oxygen 
atmosphere rather than air provides a significant opportunity.  This is because oxygen 
surface exchange and bulk transport through the cathode is mediated through point 
defects whose concentrations are sensitive to the partial pressure of oxygen in the 
atmosphere surrounding the cathode.  Oxygen bulk transport along with oxygen surface 
exchange are the rate controlling steps in oxygen reduction and incorporation at the 
cathode.  The focus of this research is to examine the relationship between oxygen partial 
 
 vi 
pressure and its effect on SOFC cathode performance for two different families of 
cathode materials, namely strontium doped lanthanum manganite, and a relatively new 
class of cathode materials, rare-earth nickelates.  The experimentally measured 
relationship between cathode polarization and oxygen partial pressure will be correlated 
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1.1 Solid Oxide Fuel Cells 
Solid oxide fuel cells (SOFCs) are electrochemical devices which convert fuel 
and oxygen into electrical energy.  SOFCs are known to be very efficient with a low 
environmental impact [1].   SOFCs have many advantages over other energy conversion 
systems.  For example, SOFCs are not limited by the Carnot cycle efficiency like a 
typical combustion engine and require no moving parts which could lead to mechanical 
failures.  Therefore, they require very little maintenance and they are noiseless.  SOFCs 
can use a variety of fuel sources such as hydrogen, logistics fuel, biodiesel or other 
hydrocarbons.  When operating under pure hydrogen, no CO2 is produced and while 
using a hydrocarbon fuel the CO2 produced can be easily sequestered.  Also SOFCs 
generate very low levels of NOx and SOx during operation due to a lack of direct 
combustion.   
SOFCs consist of three main components, a solid electrolyte, a porous anode and 
a porous cathode.  Oxygen is reduced at the cathode to form oxygen ions which transport 
through the oxygen conducting electrolyte to the anode.  At the anode, those ions react 
with the hydrogen containing fuel to form water vapor and release electrons back into the 
external circuit.  When reformed natural gas or other hydrocarbons are used as the fuel, 
additional reaction products such as carbon dioxide can form in addition to water vapor. 
Figure 1.1 shows a simple schematic of a SOFC.  SOFCs typically operate between 600–





Figure 1.1- Solid oxide fuel cell schematic [2] 
 
SOFCs are typically operated as stacks of multiple cells combined in series and/or 
parallel by the use of an interconnect as seen in Figure 1.2.  The number of individual 
fuel cells can be increased or decreased to meet the power requirements of the system.  
This allows for a high degree of modularity and the ability to use SOFCs for a wide range 






Figure 1.2- SOFC stack [3] 
1.2 SOFC Materials 
1.2.1 Electrolyte Materials  
The most important requirement for electrolyte materials is that they have a high 
ionic conductivity and little to no electronic conductivity.  They also need to be 
chemically and thermally stable in both oxidizing and reducing atmospheres and in 
contact with the anode and cathode materials.  It is also important that they have a 
coefficient of thermal expansion (CTE) similar to the anode and cathode to prevent 
delamination during heating and cooling.  Finally, they need to be structurally sound with 
the ability to sinter to nearly 100% density to prevent cracks and porosity. 
The most common electrolyte material is yttria stabilized zirconia (YSZ), 
however other electrolyte materials include magnesium doped lanthanum gallate (LSGM) 




which stabilizes the zirconia into the cubic structure [4].  Without the yttria dopant the 
zirconia will undergo a phase transition during heating which will cause unwanted lattice 
expansion.   
1.2.2 Anode Materials 
Anodes must have high electronic conductivities and high catalytic activity for 
fuel oxidation.  They must also be chemically compatible with the electrolyte and have a 
similar CTE.  The most common anode material is a Ni-YSZ cermet.  Nickel is a good 
catalyst for fuel oxidation and it has a high electronic conductivity.  The YSZ is added to 
the anode to buffer the CTE mismatch between Ni and YSZ.  It also helps to inhibit 
coarsening of the nickel particles and to increase the ionic conductivity of the anode 
which extends its electrochemically active region beyond the geometrical contact area at 
the anode-electrolyte interface [5].   
1.2.3 Cathode Materials  
Cathode materials should have high electronic conductivities and high catalytic 
activity for the oxygen reduction reaction.  They also should be compatible with the 
electrolyte both chemically and possess a similar CTE.  Additionally, they should have 
adequate porosity to allow for the flow of oxygen to the electrochemically active sites.  
These sites are commonly found along the triple phase boundary (TPB) or the boundary 
between the electrode, electrolyte and gas phase.  Once the oxygen molecule arrives at 
the TPB, it can be reduced by electrons as supplied by the electronically conductive 




conducting electrolyte.  However, it should be noted that when the electrode is a mixed 
ionic and electronic conductor (MIEC), the TPBs are no longer the only 
electrochemically active sites and are supplemented with two phase boundaries between 
the gas phase (pore phase) and the solid phase in the electrode. 
State-of-the-art cathode materials include La0.8Sr0.2MnO3-δ (LSM) and 
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF).  Both materials are perovskites which have high 
electrical conductivities.  However, LSM behaves primarily as an electronic conductor 
and LSCF as a MIEC electrode.   Perovskites have the general formula ABO3 and a cubic 
structure as shown in Figure 1.3.  The primary point defects in both cathode materials are 
oxygen vacancies and electron holes.  The oxygen incorporation reaction is shown in 
Equation 1.1.  When the Le Chatelier's principle is applied to this reaction, it is evident 
that as the partial pressure of oxygen increases, the oxygen vacancy concentration 
decreases, i.e. the reaction equilibrium is shifted to the left.   
 
Figure 1.3- Perovskite Structure [6]  
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Rare-earth nickelate cathodes such as lanthanum nickelate, La2NiO4+δ (LNO), and 
neodymium nickelate, Nd2NiO4+δ (NNO) have recently attracted a lot of interest due to 
their favorable properties such as high conductivity and high oxygen surface exchange 
coefficients as reported in Table 1.1.   
Material Electrical Conductivity 
Surface Exchange 
Coefficient 
La2NiO4+δ (LNO) 60 S.cm-1 at 800°C [7] 
1x10-6 to 3x10-6 cm.s-1 
from 600–800°C [7] 
Nd2NiO4+δ (NNO) 45 S.cm-1 at 750°C [8] 




300-330 S.cm-1 at 500–750°C [9] 
1.1 x 10-5 cm.s-1 at 
600°C [9] 
La0.8Sr0.2MnO3-δ (LSM) 130 S.cm-1 at 750°C [10] 
6 x 10-9 cm.s-1 at 800°C 
[11] 
Table 1.1- Cathode materials properties 
 
Nickelates are MIEC materials with the Ruddlesden-Popper (RP) structure and 
have the general formula An+1NinO3n+1+δ where A is a rare-earth such as lanthanum or 
neodymium, n is the nickelate order and δ is the hyperstoichiometry.  The RP structure 
consists of alternating layers of the perovskite structure and the rock salt structure as 
shown in Figure 1.4.  The higher the nickelate order, the fewer rock salt layers are present 
in the structure.  The rock salt layers uniquely allow the material to accommodate a high 
concentration of oxygen interstitials which leads to the materials being 
hyperstoichiometric with δ values of 0.12 and 0.16 for LNO and NNO at 800°C [7][8].  
These oxygen interstitials mediate oxygen transport and reduction in the nickelate which 




mobile oxygen point defects.  The concentration of oxygen interstitials increases with 
increasing oxygen partial pressure, while the concentration of oxygen vacancies 
decreases as shown by Le Chatelier's principle on the oxygen incorporation reaction (Eq 
1.2) and the anion frenkel equilibrium (Eq 1.3).   
 
Figure 1.4- Ruddlesden-Popper structure of lanthanum nickelate, La2NiO4+δ (n = 1) with 
space groups a) Bmab and b) I4/mmm.  The lanthanum atoms are in yellow, the NiO6 
octahedra are shown in green, oxygen (equatorial position) in red and oxygen (apical 




𝑂2(𝑔) ↔  𝑂𝐼
′′ +  2ℎ∙ (Eq 1.2) 
 
 𝑂𝑂
𝑥  ↔  𝑂𝐼
′′ + 𝑉𝑂
∙∙ (Eq 1.3) 
 
 
1.2.4 Interconnect Materials 
Interconnects are necessary to electronically connect individual fuel cells together 




conductivity and low ionic conductivity.  They also need to be mechanically stable at 
high temperature and chemically stable in both oxidizing and reducing environments.  A 
common ceramic interconnect material is doped lanthanum chromate [13].  However 
ceramic interconnects make it difficult to provide the necessary sealing between the fuel 
and oxidant environments due to their stiff and brittle nature.   
Current technology is looking to reduce the operation temperature of SOFCs to 
allow for the use of metallic interconnects.  Common metallic interconnects are ferritic 
stainless steels with high chromium contents.  These alloys form a chromium oxide scale 
at high temperatures in the oxidizing environment.  This scale is known for its high 
conductivity in comparison to other metallic oxide scales.   However, this chromium 
oxide scale can also react with water vapor present in the oxidant creating chromium 
containing gases which can poison the SOFC cell [14,15].  This leads to a phenomenon 
called chromium poisoning.  Lots of recent SOFC research has been focused on ways to 
prevent this process such as using interconnect coatings or developing more chromium 
resistant cathode materials.  For example, some research has suggested that cathode 
materials without strontium or manganese are more resistant to electrochemical 
chromium poisoning [16].   
 
1.3 SOFC Electrochemical Performance 
The open circuit voltage (OCV) of a SOFC is defined by the Nernst equation 
shown in Equation 1.4 where 𝐸0 is the Nernst potential, T is temperature, R is the ideal 











) (Eq 1.4) 
 
Typically, the oxygen concentration at the cathode is 0.21 atm because fuel cells are 
commonly operated using air as the oxidant.  However, fuel cells can operate under a 
variety of oxygen partial pressures depending on the application.  For example, fuel cells 
are being investigated for use as an energy source for unmanned undersea vehicles 
(UUVs) and this application would require pure pressurized oxygen supplied by internal 
oxidant tanks [17,18].  Meanwhile, the oxygen concentration of the anode side is 
controlled by the fuel mixture.  In this study, the fuel is a mixture of H2 and H2O and 
therefore the oxygen partial pressure is determined by the equilibrium reaction between 
H2, H2O, and O2 (Eq 1.5): 
 2𝐻2 + 𝑂2  ↔ 2𝐻2𝑂 (Eq 1.5) 
 
1.3.1 Polarization Losses  
There are three sources of polarization loss in SOFCs:  ohmic loss, activation 
polarization, and concentration polarization.  Ohmic loss is caused by resistance to the 
transport of charges, ions and electrons through the thickness of the electrolyte, 
electrodes, contacts, and the interconnection.   Charge transfer polarization is a 
polarization loss associated with the electrochemical charge transfer resistance of both 
the reduction and oxidation reactions.  Mass transfer polarization is caused by a mass 




electrodes.  Once current is drawn from the cell these polarization resistances lower the 
cell operating voltage which can be calculated with Equation 1.6 below. 
 𝐸𝑐𝑒𝑙𝑙 = 𝐸0 − 𝜂𝑜ℎ𝑚𝑖𝑐 − 𝜂𝑐𝑜𝑛𝑐 − 𝜂𝑎𝑐𝑡 (Eq 1.6) 
 
Prior work shows that the principal irreversible losses in the cell at low temperatures arise 
from cathodic activation polarization.  This is evidenced in work by Yoon who shows the 
largest loss is the activation polarization and most of that loss, at relevant operating 
conditions, is cathodic activation polarization [19].    It can also be seen in work by Wang 
in which he separates the various polarization losses for a LSM cell as shown in Figure 
1.5 [20].  
 
 
Figure 1.5-  SOFC polarization losses for a LSM cell at 800°C [20] 
 
1.4 Scope of this work 
 The main goal of this dissertation is to study the effect of oxygen partial pressure 
on Ruddlesden-Popper structured lanthanum and neodymium nickelate.  As the oxygen 




materials also increases and these oxygen interstitials mediate oxygen reduction and 
transport.  The larger the concentration of point defects which mediate oxygen reduction 
and transport, larger is the expected decrease in cathodic activation polarization.  This 
makes these materials of unique interest for applications which require the use of pure 
pressurized oxygen such as unmanned undersea vehicles (UUVs).   
Before addressing the effects of oxygen partial pressure, the first challenge was to 
ensure thermodynamic stability of the nickelates in contact with doped ceria at both the 
sintering and operation temperature.  10-20 mol% rare-earth doped ceria is commonly 
combined with nickelates to increase their thermomechanical stability and ensure that the 
cathode has a coefficient of thermal expansion which closely matches the other cell 
components.  Additionally, doped ceria can help improve the ionic conductivity of the 
cathode and therefore its performance.  However, nickelates are known to decompose in 
contact with these lightly doped cerias.  Chapter 2, presents a promising solution to this 
decomposition by using composite 50 mol% rare-earth doped ceria-nickelate cathodes.  
The higher dopant concentration in the rare-earth doped ceria, lowers the thermodynamic 
driving force for decomposition of the rare-earth nickelate phase.   
   In Chapters 3 and 4, the electrochemical performance of these stable nickelate-
doped ceria composites is described.  In Chapter 3, symmetrical cell testing results are 
presented and compared to standard LSM-YSZ electrodes in multiple oxygen partial 
pressure environments.  Electrochemical impedance spectroscopy (EIS) modeling is 
performed and cell polarization resistance as a function of oxygen partial pressure is 




single phase nickelate and composite nickelate cathodes were tested and compared under 
multiple oxidant compositions.  A significant improvement in performance is shown by 
using the composite cathodes.     
In Chapter 5, results from a transient electrochemical technique called electrical 
conductivity relaxation (ECR) are presented.  ECR transients have been used to  
determine the oxygen surface exchange and diffusion coefficients of the nickelate 
materials.  The surface exchange coefficients and their behavior with respect to oxygen 
partial pressure has been investigated.  These results also provide insights into the 
advantages of using porous ECR samples to more accurately determine the surface 
exchange coefficients, over dense samples.   
Finally in Chapters 6 and 7 the conclusions from this study are summarized and 





2. LANTHANIDE NICKELATE STABILITY 
 
As previously mentioned, nickelates have the Ruddlesden-Popper structure with the 
general formula An+1NinO3n+1+δ.  These materials have become of interest for use as 
SOFC cathodes because of their high electronic conductivity, high oxygen surface 
exchange coefficients and their high oxygen hyperstoichiometry, enabling incorporating 
and releasing large amounts of oxygen into and from the lattice.  However, nickelates 
have known thermodynamic instabilities at high temperature when in contact with YSZ 
and GDC or other rare-earth doped cerias.  As these materials are often used as 
electrolyte and barrier layers respectively, it is important to resolve these instabilities 
prior to use of nickelates as SOFC cathodes. 
 
 
2.1 Uses for Doped Ceria in SOFCs 
 
SOFCs consist of three main components the anode, cathode and electrolyte.  One 
common requirement among all three components is chemical compatibility.  For 
example, the cathode is in constant contact with the electrolyte at high temperature, 
during cell processing and operation and the two must be chemically stable in order to 
avoid unwanted secondary phases which could impede oxygen ion transport between the 
two.  Unfortunately, nickelates are known to react with the most common electrolyte 
material YSZ.  For example, Montenegro-Hernadez et al. showed that YSZ electrolytes 
in contact with lanthanide nickelates such as lanthanum and neodymium nickelate (LNO 




annealing at 900°C in as little as 2 h in the case of LNO and after only 1 h at 1000°C in 
the case of NNO [21].  Therefore, it is common to use a barrier layer between the cathode 
and electrolyte.  Common barrier materials are rare-earth doped cerias such as 10-20 
mol% gadolinium doped ceria (GDC) and 10-20 mol% samarium doped ceria (SDC). 
 This barrier layer is not only useful in preventing undesirable chemical reactions 
between the cathode and the electrolyte, but also in improving the mechanical stability of 
the cell.  For example, the YSZ electrolyte has a coefficient of thermal expansion (CTE) 
of 10.4 x 10-6 K-1 [22], while nickelates have higher CTEs (LNO: 13.7 x 10-6 to 14.4 x 10-
6 K-1[23]).  The CTE mismatch can cause internal stresses during cell sintering and 
operation which can cause cathode delamination.  On the other hand, 20 mol% GDC has 
a CTE of 12.2 x 10-6 K-1 [22] which is intermediate between that of the nickelate phase 
and the YSZ, and can therefore buffer the CTE mismatch and reduce the development of 
internal stresses.  If a barrier layer alone is not enough to buffer the CTE mismatch, 
doped ceria can also be added to the cathode creating a composite cathode with a CTE 
value intermediate between the GDC barrier layer, and the nickelate electrode according 
to the rule of mixtures [24].  Often a predominantly electronic conducting layer will be 
applied contiguous with the electrode layer as a current collector.  
Composite cathodes are not only mechanically favorable but also exhibit reduced 
activation polarization.  For example, Laberty et al. reported a maximum power density at 
800°C of 0.3 W.cm-2 for a cell with a single phase LNO cathode and a La0.7Sr0.3CoO3 
(LSC) current collecting layer in comparison to the maximum power density of 2.2 




layer [25].   
Therefore, doped ceria is often an integral part of a high performing SOFC 
cathode, and thus it is important to study its stability in contact with the cathode materials 
of interest.  This study investigates composite nickelate cathodes (LNO and NNO).   
 
2.2 Background of Nickelate Stability with Doped Cerias 
 
Montenegro-Hernadez et al. showed that nickelates decomposed to higher order 
nickelates when in contact with 10 mol% GDC (GDC10) depending on their synthesis 
method [21].  For example, LNO produced by the acetate-HMTA method showed 
degradation when in contact with GDC after only 2 h at 700°C, while LNO produced by 
a citrates method required 72 h at 900°C before degradation was observed.  Finally, LNO 
produced by solid state reaction showed no degradation after 72 h at 900°C when in 
contact with GDC.  Meanwhile, NNO only showed degadation in contact with GDC after 
72 h at 1000°C regardless of the synthesis method. 
Cetin et al. also investigated stability of the nickelates using mixtures of LNO and 
20 mol% SDC and noticed the formation of NiO and a shifting of the ceria lattice peak 
after annealing at 1300°C for 5 h.  They proposed that LNO was decomposing into its 
precursor oxides and that the product La2O3 was then incorporated by dissolution into the 
SDC creating a Sm-La-co-doped ceria which caused lattice expansion as evidenced by 
the XRD peak shifting [26].   
Another study by Cetin et al. showed a similar mechanism for mixtures of LNO 




1300°C for 5 h [27].  This study found that the decomposition could be suppressed by 
increasing the amount of rare-earth dopant in the ceria phase to concentrations close to 
the solubility limit.  This can also be seen in the proposed 1200°C ternary phase diagram 
for La2O3, NiO and CeO2 shown in Figure 2.1 which shows that composites containing 
low volume fractions of LNO with rare-earth doped ceria below the rare-earth solubility 
limit in ceria eventually will decompose into NiO and LDC with a higher rare-earth 
dopant concentration at equilibrium [27].  The decomposition will continue until the 
lanthanum dopant concentration in the ceria phase reaches its solubility limit (for high 
volume fractions LNO) or all the nickelate disappears (for low volume fractions LNO).  
Therefore, this study will focus on using highly doped cerias close to the solubility limit 
in order to prevent complete decomposition of the nickelate phase because it is still 
important to test the chosen electrode composition at the temperatures of interest i.e. the 
processing and operation temperatures.   
 




2.3 Experimental Procedure 
Two types of stability tests were performed on the rare-earth nickelates in contact 
with doped ceria.  The first type of experiment tested the stability of powder mixtures.  
The second tested the surface of screen-printed electrode mixtures.  The electrode 
materials were tested for stability in contact with doped ceria at two temperatures, 
sintering temperature (1225°C–1240°C) and the highest expected operation temperature 
(800°C).    
2.3.1 Electrode materials synthesis 
 
Lanthanum nickelate, La2NiO4+δ (LNO), and neodymium nickelate, Nd2NiO4+δ 
(NNO) electrode materials were synthesized by the solid-state synthesis method.  Starting 
precursor materials were the constituent oxides (La2O3, Nd2O3, and NiO).  The oxides 
were mixed in stoichiometric ratios in ethanol and zirconia milling media and roll milled 
overnight in a ball mill.  The mixtures were then dried to remove the ethanol, and the 
powder mixtures were calcined at 1200°C for 4 h with a 5 °C.min-1 heating and cooling 
rate.  After calcination, the powders were ground by hand with a mortar and pestle and 
then by ball milling with a SPEX ball mill.  The nickelate powders were mixed with 
ethanol and zirconia milling media and they were SPEX milled for 30 mins.  Electrode 
powders were analyzed by x-ray diffraction (XRD) and their patterns are shown in Figure 
2.2.  NNO crystalized in the orthorhombic structure while LNO formed in the tetragonal 






Figure 2.2- XRD patterns of synthesized first order (n=1) nickelates La2NiO4+δ (LNO), and 
neodymium nickelate, Nd2NiO4+δ (NNO) 
 
An attempt was made to synthesize samarium nickelate, Sm2NiO4+δ (SNO) but it 
was determined to be unstable which is supported in literature by Chen et al. [28].  The 
samarium ion (Sm3+ VIII) is too small (1.079 Å) to stabilize the structure [29].  However, 
SNO can be stabilized into the RP structure by the addition of strontium to make 
Sm1.4Sr0.6NiO4+δ (SSNO) [28,30].  Therefore, this material was synthesized by solid state 
reaction and its structure was confirmed by XRD and is shown in Figure 2.3.  However, 
when SSNO was screen-printed and sintered onto cells there was evidence of strontium 
segregation as shown in the energy dispersive x-ray spectroscopy (EDX) map in Figure 
2.4.  Strontium diffused out of the nickelate, across the GDC barrier layer and deposited 
on the YSZ electrolyte.  This indicates that SSNO is not a stable electrode material and it 





Figure 2.3- XRD pattern of Sm1.4Sr0.6NiO4+δ (SSNO) made by solid state synthesis 
 
 
Figure 2.4- EDS composition map of strontium in SSNO cell.  Notice the accumulation of 
strontium at the YSZ/GDC interface 
 
2.3.2 Doped Ceria Synthesis 
Doped ceria powders were synthesized using precursor oxides (Nd2O3, La2O3, and 
CeO2).  Stoichiometric mixtures of precursors were mixed with ethanol and zirconia 
milling media and rolled in a ball milled overnight.  After drying, the powder mixtures 
were calcined in two steps.  First the mixtures were annealed at 1200°C for 4 h and then 




hand using a mortar and pestle.  The final powders were analyzed by XRD to ensure full 
dissolution of the dopant into the ceria structure.   
The XRD patterns for lanthanum doped ceria (LDC) and neodymium doped ceria 
(NDC) can be seen in Figure 2.5.  Two dopant concentrations were examined for each 
type of ceria, 20 mol% and 50 mol%.  All rare-earth doped cerias form in the cubic 
fluorite structure.  No remaining peaks of Nd2O3 or La2O3 can be seen which indicates 
that complete dissolution of the rare-earth dopant into the ceria lattice was achieved.  It 
can also be seen that increasing the dopant concentration from 20 mol% to 50 mol% 
causes a peak shift to lower 2θ angles which indicates a lattice expansion.  The lattice 
expands because the lanthanum La3+ (VIII) ion and the neodymium Nd+3 (VIII) ion are 
larger than the ceria Ce4+ (VIII) ion whose atomic radii are 1.16 Å, 1.109 Å and 0.97 Å 
respectively [29].  The lattice parameters for each doped ceria were calculated and are 






Figure 2.5- X-ray diffraction patterns of rare-earth doped ceria, 50 mol% lanthanum doped 
ceria (LDC50), 50 mol% neodymium doped ceria (NDC50), 20 mol% lanthanum doped 







Table 2.1- Lattice parameters of rare-earth doped ceria 
 
2.3.3 Nickelate Powder Stability Testing 
Mixtures of rare-earth doped cerias and nickelate electrode powders were mixed 
in a 50:50 vol% ratio and annealed at 1225°C and 800°C which represent the electrode 
Material Lattice Parameter (Å) 
20 mol% Lanthanum doped Ceria (LDC20) 5.49 
50 mol% Lanthanum doped Ceria (LDC50) 5.57 
20 mol% Neodymium doped Ceria (NDC20) 5.47 




sintering temperature and the highest expected cell operation temperature, respectively.  
Two nickelate compositions were tested, lanthanum nickelate La2NiO4+δ (LNO), and 
neodymium nickelate Nd2NiO4+δ (NNO).  LNO was mixed with 20 mol% lanthanum 
doped ceria (LDC20) and 50 mol% lanthanum doped ceria (LDC50), while NNO was 
mixed with 20 mol% neodymium doped ceria (NDC20) and 50 mol% neodymium doped 
ceria (NDC50).  The resulting powder mixtures were divided into samples; one half was 
annealed at 1225°C and the other was annealed at 800°C to assess their stability.  The 
1225°C sample was annealed for a total of 206 h with intermittent room temperature 
XRD conducted throughout testing.  The 800°C sample was first annealed at 1225°C for 
2 h to simulate the initial electrode sintering time and temperature and then annealed at 
800°C for a total of 213 h to simulate cell operating temperature.  These samples were 
used to determine the equilibrium phase composition under SOFC operating conditions.  
Room temperature XRD was used to determine the equilibrium phases. 
2.3.4 Screen-Printed Electrode Stability Assessment 
This experiment tested electrode compositional and phase stability during 
sintering and annealing of electrolyte supported cells.  Barrier layers and electrodes were 
screen-printed onto polished yttria stabilized zirconia (YSZ) discs with compositions as 
listed in Table 2.2.  The barrier layer was sintered at 1300°C for 5 h.  The electrodes were 
screen-printed on top of the barrier layers and sintered at 1225°C for 2 h.  XRD was 





Electrolyte Barrier Layer Electrode 
YSZ 10 mol% gadolinium doped ceria (GDC10) 70:30 vol% LNO-GDC10 
YSZ 10 mol% gadolinium doped ceria (GDC10) 70:30 vol% LNO-LDC50 
Table 2.2- Composition of electrolyte supported cells for stability testing 
Additionally, another set of screen-printed electrodes were tested using a higher 
sintering temperature of 1240°C and followed by an anneal at 800°C.  The composite 
electrodes tested were a 65:35 vol% LNO-LDC50 and a 65:35 vol% NNO-NDC50.  
These electrodes were co-sintered with GDC10 barrier layers. 
 
2.4 Stability Results 
2.4.1 Lanthanum Nickelate Stability in Contact with Doped Ceria 
When lanthanum nickelate La2NiO4+δ (LNO) was mixed with a 20 mol% 
lanthanum doped ceria (LDC20) in a 50:50 vol% ratio and annealed at 1225°C for 206 h, 
the LNO decomposed over the course of the anneal.  After 206 h, the sample was x-rayed 
and the LNO (103) peak intensity decreased by 65% as seen in Figure 2.6.  This result is 
consistent with previous results on LNO and 20 mol% lanthanum doped ceria mixtures 
[27].  It is clear that LNO is decomposing into its precursor oxides, La2O3 and NiO, and 
then the La2O3 is doping into the LDC20 creating a higher doped lanthanum ceria.  This 
can be seen through the decrease in peak intensity of the 100% peak of LNO, the shift in 
LDC peaks to lower 2θ angles, and the presence of a NiO peak at 37.4°.  As shown in 
Figure 2.6 the (111) LDC peak shifts by 0.4° to a lower 2θ angle.  This shift indicates an 
increase in lattice parameter of 0.1 Å which is caused by the additional lanthanum oxide 




expands because the lanthanum La3+ (VIII) ion is larger than the ceria Ce4+ (VIII) ion 
whose atomic radii are 1.16 Å and 0.97 Å respectively [29].  Therefore, LNO is unstable 
in contact with LDC20 at 1225°C.   
 
 
Figure 2.6- 50:50 vol% mixture of lanthanum nickelate and 20 mol% lanthanum doped 
ceria before and after annealing at 1225°C for 206 h.  Lanthanum doped ceria (♦) is greater 
than 20 mol% lanthanum doped.  
 
However, it is important to note that the cell will only be exposed to 1225°C for 2 h 
during electrode sintering.  Therefore, a second consideration is the equilibrium phase 
composition of the electrode during cell operation at 800oC.  To determine this, test 
powders were annealed at 1225°C (electrode sintering temperature) for 2 h, followed by 
annealing at 800°C (cell operating temperature) for a total of 213 h.  During this 
annealing period, the LNO peak intensity remained relatively stable with no observable 
changes over time and no shift in the rare-earth doped ceria lattice parameter was 
observed as seen in Figure 2.7.  Therefore, we conclude that LNO is stable in contact 




LDC20 only for two hours, and later operated at 800°C. 
 
 
Figure 2.7- 50:50 vol% mixture of LNO and LDC20 before and after annealing at 1225°C 
for 2 h and 800°C for 213 h 
 
In order to completely suppress LNO decomposition at sintering temperatures, a 
50 mol% lanthanum doped ceria (LDC50) was used instead.  When a 50:50 vol% mixture 
of LDC50 and LNO was annealed at 1225°C for a total of 206 h, no noticeable changes 
in peak intensity were observed as shown in Figure 2.8a.  However, a slight peak shift of 
the (111) peak of LDC was observed which suggests some additional lanthanum oxide 
doped into the LDC.  This shift can be seen more clearly in Figure 2.8b and it is 
important to note that after 26 h at 1225°C the ceria peak position appears completely 
stable.  This suggests that after 26 h at 1225°C the ceria has reached its solubility limit 
for lanthanum.  After the ceria is saturated with lanthanum there is no longer a driving 






Figure 2.8-  Mixture of 50:50 vol% LNO-LDC50 before and after annealing at 1225°C for 
206 h.  a) full spectrum b) Zoomed in image of XRD peak shifting of (111) LDC peak 
including XRD pattern obtained after 26 h at 1225°C.  Lanthanum doped ceria (♦) is 
greater than 50 mol% lanthanum doped. 
 
2.4.2 Neodymium nickelate stability 
Many similarities exist between LNO and neodymium nickelate Nd2NiO4+δ 
(NNO) with respect to its stability in contact with doped ceria.  When NNO was mixed in 
a 50:50 vol% ratio with 20 mol% neodymium doped ceria (NDC20) and annealed at 
1225°C the (113) peak of NNO decreased by 84% after 206 h as shown in Figure 2.9.  
This shows that the neodymium nickelate is decomposing over time at 1225°C in contact 
with NDC20.  Also, a peak shift of the (111) peak for NDC to a lower 2θ by 0.3° is 
observed which indicates a change in LDC lattice parameter by less than 0.1 Å.  The 
lattice expands because the neodymium oxide is doping into the ceria and the ionic radius 
of Nd+3 (VIII) is 1.109 Å which is larger than Ce+4 (VIII) with a radius of 0.97 Å [29].  
Therefore, NNO is unstable in contact with NDC20 at high temperatures, analogous with 





Figure 2.9- 50:50 vol% mixture of neodymium nickelate and 20 mol% neodymium doped 
ceria before and after annealing at 1225°C for 206 h.  Neodymium doped ceria (♦) is greater 
than 20 mol% neodymium doped. 
 
However, as with the LNO electrode,  NNO is in contact with NDC20 at 1225°C 
for a period of only 2 hr during electrode sintering.  During a more realistic stability test 
where the powder mixture was annealed at 1225°C for 2 h followed by 800°C for 213 h, 
no NNO decomposition was observed and no ceria peak shift was seen as shown in 
Figure 2.10.  Therefore, NNO is stable in contact with NDC20 at standard cell operation 







Figure 2.10- 50:50 vol% NNO-NDC20 mixture before and after annealing at 1225°C for 2 h 
followed by 800°C for 2 h 
 
To limit decomposition at 1225°C a 50 mol% doped NDC can be used as is 
evident by the XRD patterns in Figure 2.11a.  The XRD patterns are those of a 50:50 
vol% mixture of NNO and 50 mol% doped NDC (NDC50) annealed at 1225°C for 206 h.  
In this case the (113) peak of NNO decreased in intensity by 48% in comparison to the 
84% when in contact with NDC20.  Therefore, 50 mol% doped ceria only partially 
suppressed NNO decomposition at 1225°C.  Also, the NDC peaks shift slightly to lower 
2θ angles which indicates a slightly higher lattice parameter as shown in Figure 2.11b.  
After 90 h no further peak shifting is observed, which suggests that neodymium reaches 
its solubility limit in ceria after 90 h.  To fully suppress NNO decomposition at 1225oC, 







Figure 2.11- 50:50 vol% mixture of NNO-NDC50 before and after annealing at 1225°C for 
206 h a) full spectrum b) Zoomed in image of XRD peak shifting of (111) NDC peak 
including XRD pattern obtained after 90 h at 1225°C.  Neodymium doped ceria (♦) is 
greater than 50 mol% neodymium doped. 
 
2.4.3 Cell Electrode stability 
The stability of two different types of electrodes were analyzed during electrode 
sintering at 1225°C.  One electrode contained 30 vol% of GDC10 while the other 
contained 30 vol% of LDC50. Both electrodes contained a remainder of 70 vol% LNO.  
Each electrode was analyzed before and after sintering at 1225°C for 2 h.   
The LNO in the cell which contained GDC10 decomposed over time as shown in 
Figure 2.12a.  The (103) peak of the LNO decreased by 89% after 2 h at 1225°C and the 
GDC10 peaks shifted by 0.6° to lower 2θ values which indicates that lanthanum has 
doped into the GDC and the lattice parameter increased by 0.1 Å.  Also present after 
sintering are a higher order n=2 nickelate (La3Ni2O6.92) and nickel oxide.  This indicates 
that the n=1 LNO is decomposing into its component oxides with higher order nickelates 




even 2 h at 1225°C can cause a significant amount of LNO decomposition when in 
contact with GDC10.  This stability test showed significantly more degradation than the 
powder tests conducted at the same time and temperature.  This could be attributed to 
more intimate contact in the sintered electrode rather than loose powder.  However, when 
using 50 mol% lanthanum doped ceria (LDC50) no decomposition or ceria lattice shift is 
observed as shown in Figure 2.12b after 2 h at 1225°C.  This is a significant 
improvement over using GDC10.  Therefore, it is critical to use a higher dopant 
concentration when ceria is used as a second phase in the active electrode layer, even 





Figure 2.12- a) 70:30 vol% LNO-GDC10 electrode before and after sintering at 1225°C for 
2 h b) 70:30 vol% LNO-LDC50 electrode before and after sintering at 1225°C for 2 h 
(GDC10 peaks seen are from the barrier layer) 
 
In the following chapter symmetrical cells were produced for electrochemical 
impedance spectroscopy (EIS).  The composition and sintering temperature of these cells 
was slightly different than those just discussed.  Therefore, supplementary stability 




These electrode compositions were 65:35 vol% LNO-LDC50 and 65:35 vol% NNO-
NDC50.  These electrodes were screen printed onto unsintered GDC10 barrier layers and 
subsequently co-sintered with the barrier layers at 1240°C for 2h.  XRD patterns were 
obtained before and after sintering and they can be seen in Figure 2.13.  These 
compositions were shown to be stable with only slight shifts in ceria peak for each 
composite and no other noticeable nickelate decomposition.  The (111) LDC peak and the 
(111) NDC peak shifted by 0.02° and 0.04° to lower 2θ angles respectively, which 
corresponds to an increase in lattice parameter by 0.004 Å and 0.007 Å respectively. This 
indicates that the solubility limit of both rare-earth dopants in ceria is slightly larger than 
50 mol%.  It should be noted that the observed GDC10 peaks are from the outer portion 
of the barrier layer not covered by the composite electrode, and not from the buried 
portion of the barrier layer between the composite electrode and the electrolyte.  When 
screen printed, the barrier layer has a larger diameter than the subsequently screen-
printed composite electrode, and the x-ray beam area is larger than the area of the 
electrode.  Therefore, it cannot be assumed that the electrode is stable at the interface 
with GDC10.   
After cell fabrication, the cell is not expected to be subjected to temperatures 
higher than 800°C which is the typical cell operation temperature.  Because of 
contradicting information in the literature about the stability of nickelates in contact with 
doped ceria between 700–900°C, it was deemed important to assess their stability at 
800°C.  For example, as stated earlier, Montenegro-Hernandez et al. did see 




et al. reported minimal degradation below 900°C [31] and Cetin et al. reported that 
annealing at 800°C caused lanthanum oxide to actually be exsolved from the LDC lattice 
and combine with NiO to re-form LNO [27].  Therefore, after sintering, the cells were 
annealed for 150 h at 800°C.  The XRD patterns from the cells indicate no changes post-
annealing at 800°C, as seen in Figures 2.13a and 2.13c implying that the electrode 
composition is stable during operation.   
 
Figure 2.13- XRD patterns of electrode surfaces before sintering, after sintering at 1240°C 
for 2 h, and after then annealing at 800°C for 150 h, a) 65:35 vol% LNO-LDC50 b) closer 






 These stability studies have confirmed literature reports of instabilities between 
nickelates (LNO and NNO) in contact with doped ceria at high temperature.  They 
showed decomposition of LNO and NNO in contact with rare-earth doped ceria with a 
low dopant concentration annealed at 1225°C even for as little as 2 h.  It also confirmed 
that stabilization of the nickelate phase is possible by increasing the mol% rare-earth 
dopant in the ceria phase.  Once the dopant concentration reaches the solubility limit in 
ceria then there is no driving force for nickelate decomposition. This study also showed 
no further decomposition occurring at 800°C for at least 150 h.  Therefore, in subsequent 
work as will be seen later,  rare-earth doped ceria with dopant concentrations close to the 
solubility limit has been used as the ionic conducting phase in the composite electrodes to 




3. SYMMETRICAL CELL ANALYSIS 
3.1 Introduction 
A common method for testing the performance of a new cathode material is using 
a symmetrical cell.  Therefore, this chapter will focus on symmetrical cell testing of the 
stable composite doped ceria-nickelate electrodes as described in Chapter 2.  A 
symmetrical cell is an electrolyte-supported cell with the same electrode material used for 
the anode and the cathode, and is often used as a screening tool to evaluate different 
electrode materials.  For example, when testing a potential cathode material for SOFCs, 
the cell will consist of that cathode material applied on both sides of a thick electrolyte.  
Symmetrical cell testing is often a first step in analyzing cathode performance because it 
is simpler than full cell testing.  When testing a potential cathode material, the cell is 
evaluated with an oxidant flowing over both electrodes and electrochemical impedance 
spectroscopy (EIS) is performed.   
During EIS, a small AC current is applied on the cell and the cell’s impedance 
response is measured at a range of frequencies.  These measurements result in a Nyquist 
plot which plots the imaginary component of the impedance response versus the real 
component.  These plots can be used to determine the ohmic and polarization resistances 
for the cell.  Specifically, the high frequency intercept shows the cell’s ohmic resistance 
while the low frequency intercept is the total resistance.  The polarization resistance (Rp) 
is the difference between the low and the high frequency intercepts on the real axis.  For 
clarity in the case of this report, the polarization resistance will be an area specific 




Ω.cm2).  While performing EIS at a potential close to the open circuit voltage (OCV) the 
contributions from each electrode to the total polarization resistance is approximately half 
(Rp/2).  The cells polarization resistance can be separated into multiple components each 
describing a physical process.  Each component can be modeled by an equivalent circuit 
element.  EIS modeling will be discussed in more detail in Section 3.3. 
When reviewing literature results for symmetric nickelate cells it can be seen that 
the polarization resistance varies widely depending on cathode microstructure, processing 
conditions, and use of a barrier layer or a current collector layer.  A brief summary of 
symmetrical cell results of nickelates can be seen in Table 3.1.  It can be seen that 
generally the polarization resistance varies from as low as 0.09 Ω.cm2 to as high as 0.70 
Ω.cm2 at 800°C  [32,33].  However, there are some outliers such as data from Rieu et al. 
who obtained polarization resistances as high as 6-12  Ω.cm2 [34].  It should be noted that 
Rieu et al. were able to improve their polarization resistance by adding an intermediate 
compact layer of LNO between the bulk LNO cathode and YSZ electrolyte.  It was 
suggested that this helped by increasing the number of contact points between YSZ and 
LNO which led to an increase in the oxygen surface exchange and ultimately improved 
the oxygen diffusion to the electrolyte.  Flura et al. also determined the importance of 
interface microstructure on cell performance [35].  Their cells used a GDC20 barrier 
layer and found that by changing the barrier layer sintering temperature they could obtain 
polarization resistances ranging from 0.61 to 1.20 Ω.cm2 at 600°C.  They however 
determined that the oxygen surface exchange rate was independent of the GDC sintering 




temperature.  Therefore, there are many factors which affect cell performance and 
impedance measurements on symmetrical cells can be a simple way of isolating the 
polarization effects of the cathode alone.  
Cell 
Polarization Resistance-Rp (Ω.cm2) 
In air 
Reference 
LNF//LNO//GDC//TS3Y 0.61-1.20 @600°C Flura [35] 
LNO//GDC//YSZ 0.24 @600°C Grenier [36] 
LNO//GDC 2.00-14.80 @700°C 
8.40 @ 800°C 
Sayers [37] 
LNO//YDC//3YSZ 1.20-4.50 @600°C 
0.15-0.50 @800°C 
Hildenbran [38] 




















Table 3.1- Symmetrical cell performance of nickelates from literature as referenced 
 
3.2 Mechanism of the Oxygen Reduction Reaction 
As stated previously in Chapter 1, the largest polarization loss in SOFCs is 
cathodic activation polarization.  This loss comes from the oxygen reduction reaction 
(ORR).  In order to analyze this loss, the symmetrical cells in this study were tested under 
multiple oxygen environments.   
The ORR consists of many different processes, including oxygen adsorption onto 




the diffusion of oxygen ions either on the surface of the electrode or through the bulk.  A 
variety of oxygen reduction mechanisms have been proposed and one such common 
mechanism for LSM is detailed below from Banerjee et al. with R1–R6 representing the 
surface diffusion pathway and R7 capturing the bulk diffusion path [40].  
𝑅1: 𝑂2(𝑔) + ∎𝐿𝑆𝑀𝑠 ↔  𝑂2,𝐿𝑆𝑀𝑆 
𝑅2: 𝑂2,𝐿𝑆𝑀𝑆 +  ∎𝐿𝑆𝑀𝑠 ↔ 2𝑂𝐿𝑆𝑀𝑠 







− +  ∎𝑌𝑆𝑍𝑠 ↔ 𝑂𝑌𝑆𝑍𝑠
2− + ∎𝐿𝑆𝑀𝑠 + ℎ𝐿𝑆𝑀𝑏
∙  
𝑅6: 𝑂𝑌𝑆𝑍𝑠
2− +  𝑉𝑂,𝑌𝑆𝑍𝑏
∙∙  ↔  𝑂𝑂,𝑌𝑆𝑍𝑏
𝑥 + ∎𝑌𝑆𝑍𝑠 
𝑅7: 𝑂𝐿𝑆𝑀𝑠
− +  𝑉𝑂,𝑌𝑆𝑍𝑏
∙∙  ↔  𝑂𝑂,𝑌𝑆𝑍𝑏
𝑥 + ∎𝐿𝑆𝑀𝑠 + ℎ𝐿𝑆𝑀𝑏
∙  
In this model ∎𝑌𝑆𝑍𝑠  and ∎𝐿𝑆𝑀𝑠  denote vacant YSZ and LSM surface sites respectively.  
R1 involves oxygen gas adsorbing as a diatomic molecule onto the LSM surface.  In R2 
that diatomic molecule is split into two oxygen atoms which now sit on separate LSM 
surface sites.  R3 is the first charge transfer reaction which involves one of the oxygen 
atoms gaining an electron and leaving behind a hole in the LSM bulk.  In R4 that oxygen 
ion diffuses on the surface of the LSM until it reaches the TPB.  Once at the TPB, that 
ion is involved in a second charge transfer reaction (R5) in which it gains another 
electron, leaving another hole in the LSM bulk, and the new ion is simultaneously 
transferred from the surface of the LSM to the surface of the YSZ.  Finally, in R6 the ion 




mechanism in which the oxygen ion diffuses through the LSM electrode, to the YSZ and 
then undergoes its second charge transfer reaction directly into the YSZ bulk.  For LSM 
this bulk diffusion would occur mainly through oxygen vacancies while for Ruddlesden-
Popper nickelates oxygen ion diffusion can also occur through oxygen interstitials.  For 
example, R7 could be split into R7.1 and R7.2 below for a vacancy mechanism or R7.3 
and R7.4 for a interstitial mechanism.   
𝑅7.1: 𝑂𝐿𝑆𝑀,𝑠
− +  𝑉𝑂,𝐿𝑆𝑀,𝑏
∙∙  ↔  𝑂𝑂,𝐿𝑆𝑀,𝑏
𝑥 + ℎ𝐿𝑆𝑀𝑏
∙ + ∎𝐿𝑆𝑀,𝑠 
𝑅7.2: 𝑂𝑂,𝐿𝑆𝑀,𝑏
𝑥 +  𝑉𝑂,𝑌𝑆𝑍,𝑏




−  ↔  𝑂𝐼,𝐿𝑁𝑂,𝑏
′′ + ℎ𝐿𝑁𝑂,𝑏
∙ + ∎𝐿𝑁𝑂,𝑠 
𝑅7.4: 𝑂𝐼,𝐿𝑁𝑂,𝑏
′′ +  𝑉𝑂,𝑌𝑆𝑍,𝑏
∙∙  ↔  𝑂𝑂,𝑌𝑆𝑍,𝑏
𝑥  
 Many researchers have attempted to figure out which of these seven reactions is 
the rate limiting step of the ORR in order to reduce its resistance.  One method for doing 
this is by determining how polarization resistance varies as a function of pO2 according to 
the general formula below. 
 𝑅 ∝ (𝑝𝑂2)
−𝑛 (Eq 3.1) 
 
The value of n is then related to the rate limiting step as listed in Table 3.2.  For example, 
it has been proposed that if n=1 than molecular oxygen is involved in the rate 
determining step while if n=1/2 then oxygen dissociation is the rate limiting step [41].  It 
has also been proposed by multiple researchers that a dependence of n=1/4 is associated 
with the charge transfer reaction [41–44].  There are however some exceptions such as 




mechanism, and that n=1/4 was actually associated with surface diffusion of the oxygen 
the ion to the TPB [45].  It should be noted that the oxygen vacancies in Table 3.2 are all 
oxygen vacancies in the YSZ lattice.  The models used to calculate n values are both 
independent of the point defect structure of the electrode.  Therefore, they can be used for 
both LSM and LNO electrodes.   
 
Model n Rate limiting step Reference 
Model 1 
1 
𝑂2(𝑔) → 𝑂2,𝑎𝑑𝑠 
Molecular oxygen is involved in the rate determining step 
[41–44]  
1/2 
𝑂2,𝑎𝑑𝑠 → 2𝑂𝑎𝑑𝑠 











− +  𝑉𝑜
∙∙  →  𝑂𝑜
𝑥 












− →  𝑂𝑇𝑃𝐵
−  




2− +  𝑉𝑜
∙∙  →  𝑂𝑜
𝑥 
Charge transfer at TPB 
[47] 
Table 3.2- Rate limiting steps of the ORR and their dependence on pO2 
 
3.3 EIS modeling 
To gain a better understanding of the differences between the LNO and NNO 
composite cathodes, electrochemical impedance spectroscopy (EIS) was performed on 
symmetrical cells.  EIS is a commonly used technique in SOFC research.  While EIS is 
often informative when done well, it can be complicated to analyze because it is possible 
to get good fits using a number of different models most of which might not be physically 




elements; however, there are not an infinite number of separate processes occurring in the 
cell.  Therefore, the selection of individual circuit model elements is critical for a 
physically relevant fit.  Also once a circuit model is chosen there are often a number of 
free parameters in the model to fit.  Therefore, it is important to ensure that these 
parameters have reasonable values as determined by literature and by testing under a 
variety of experimental conditions.  For example, testing can be completed at multiple 
temperatures or using a variety of gas environments because some variables are known to 
be independent of temperature or the gas concentration.  Finally, it is also important to 
have good initial data quality because even small errors can affect final fit.  To help 
ensure good data quality the data can be checked with the Kramers-Kronig relationship 
using software such as Lin-KK prior to fitting [48–51].   
Note that all of the EIS data presented in this work has been checked by Lin-KK 
and has been corrected by removing the contribution of inductance as determined by a 
linear fit of the EIS data with frequency greater than 104 Hz [52].  The formula for 
inductance is shown in Equation 3.2, where 𝑍" is the imaginary component of the EIS 
and ω is the angular frequency. 





 (Eq 3.2) 
 
After the value of inductance is determined, it is subtracted from the measured EIS data 
using Equation 3.3 where  𝑍𝑖𝑛𝑑𝑢𝑐𝑡𝑜𝑟 = 𝑖𝜔𝐿. 





The inductance of the electrochemical testing device used in this work was approximately 
6.6 x 10-6 Ω.Hz-1.   
3.3.1 Equivalent Circuit Model (ECM) 
Prior to modeling our impedance measurements, a literature review of equivalent 
circuit models used for LNO and other electrolyte supported symmetric cells was 
conducted.  Most literature separated the entire process into two to four individual 
processes.   One process which occurs at low frequency was associated with gas diffusion 
[35,36,53] and one which occurs at high frequency was often attributed to O2- ion 
exchange at the electrode-electrolyte interface [34,36,37].  Finally one to two processes at 
medium frequency were associated with the oxygen reduction reaction (ORR) 
[35,37,38,54].   
 For example, Grenier et al. reported EIS results at 500°C for LNO symmetric 
cells which contained a high frequency impedance arc centered around 2.8x104 Hz [36].  
This arc was attributed to the O2- ionic exchange at the interface between the cathode and 
the electrolyte and it was modeled with a RQ element.  A RQ element consists of a 
resistor in parallel with a constant phase element (CPE) also known as a Q element.  The 
impedance associated with a RQ element is defined by Equation 3.4 [55].   
 𝑍𝑅𝑄(𝜔) =  
𝑅
1 + (𝑖𝜔)𝑛𝑅𝑌
 (Eq 3.4) 
 
If n = 1 than Y = capacitance and the RQ element is identical to a RC element which 
consists of a resistor and a capacitor in parallel (Otherwise Y is the admittance at ω = 1).  




observed when EIS was performed at 650°C. This was rationalized on the premise that 
the polarization resistance associated with this process becomes negligible at 
temperatures higher than 600°C with a value lower than 10-2 Ω.cm2.  Sayers et al. 
observed a high frequency arc for LNO-based symmetrical cells at low temperature 
(450°C) between 10 kHz and 100 Hz which they assigned to the same physical process 
with a capacitance value of 10-6 to 10-5 F [37]. However, Rieu et al. observed high 
frequency arcs around 1.5x104 - 2.0x104 Hz for a LNO cathode at 800°C and suggested 
the same physical explanation and equivalent circuit element [34].   
 Similarly, researchers also use a RQ element to model the low frequency process 
often attributed to gas diffusion.  Grenier et al. observed a low frequency arc around 1.2 
Hz while performing EIS on a LNO cathode at 650°C [36].  However, it was noted that 
this arc was not easily detectable at temperatures below 600°C, because the polarization 
resistance from the ORR became much larger and obscured the gas diffusion arc.  The 
polarization resistance associated with gas diffusion in the cathode should be almost 
temperature independent [36,52].  For example, Nielsen et al. proposed that Rgas_diffusion 
was proportional to T1/2 which led to an observed weak dependency of the resistance on 
temperature [53]  Therefore, although it is not clearly visible at lower temperatures it 
must still exist.  This arc was also observed by Flura et al. for LNO cathodes at low 
frequencies less than 10 Hz, and only at temperatures above 600°C [35].  It was again 
attributed to gas concentration phenomena occurring in the porous structure of the 
electrode during EIS and modeled with a RQ element.   




element (FLW) such as Nielsen et al. who studied lanthanum strontium cobalt ferrite 
(LSCF)-gadolinium doped ceria (GDC) composite cathodes [53].  The impedance 
expression for a generalized FLW element is seen in Equation 3.5 where T corresponds 
to the effective diffusion thickness divided by the effective diffusion coefficient of the 
gas [55]. 
 𝑍𝐹𝐿𝑊(𝜔) = 𝑅
tanh [(𝑖𝜔𝑇)𝑛]
(𝑖𝜔𝑇)𝑛
 (Eq 3.5) 
 
Again this impedance arc was only observed at high temperatures of 700°C for a cathode 
with a fine microstructure, above 800°C for a cathode with a moderately coarse 
microstructure, and not seen in a cathode with a coarse microstructure.  This was because 
the polarization resistance of the cell associated with the ORR was improved with a finer 
grained microstructure and the cell became limited by mass transport to the 
electrochemical reaction zone.  Again the resistance of the cells due to gas diffusion had a 
very limited dependence on temperature as expected.  However, it was observed that gas 
diffusion is affected by gas composition. 
 Finally the resistance associated with the ORR in a MIEC cathode is often 
modeled with a Gerischer element as per the Adler-Lane-Steel (ALS) model 
[35,38,53,56].  Note that some researchers instead model the ORR as a series of one to 
two RQ elements [34,37,39,54,57].  The formula for Gerischer impedance can be found 









Gerischer impedance includes solid state diffusion of oxygen in the electrode and the 
oxygen surface exchange between the electrode and the gas.  These two processes co-
limit the ORR.  This equation also assumes that the electrode thickness is larger than the 
theoretical diffusion length.  If this is not the case, then a finite length Gerischer must be 






 (Eq 3.7) 
 
This can be used to model cells with suspected non-uniform electronic current 
distribution potentially caused by porous structures and a cathode with a high anisotropy 
of its electronic and ionic conduction [35].  The closer φ is to one, the more uniform the 
current distribution.   
 In this work two ECMs were used to model the LNO symmetric cells. The first 
model consists of a resistor, which models the ohmic resistance, and a Gerischer element.  
The second model, splits up that Gerischer element into two RQ elements.  There was no 
observable contribution from either gas diffusion or O2- ion transfer from the electrode to 
the electrolyte.  The ECMs used for NNO also use a resistor and a Gerischer element to 
model the ohmic resistance and ORR respectively but also adds a RQ element at high 
frequency to model the charge transfer reaction between the electrode and the electrolyte.  
Additionally, a low frequency RQ element was added to model gas diffusion.  Similarly, 




reasons for these models will be described in the Section 3.6. 
3.4 Experimental Procedure  
3.4.1 Symmetrical Cell Fabrication 
 
Approximately 600 µm thick yttria stabilized zirconia (YSZ) electrolytes were 
commercially purchased.  Electrode inks were prepared by combining electrode powder 
mixtures with alpha-terpinol and V6 binder, and then screen-printed onto both sides of 
the electrolyte.  The electrode compositions fabricated include 65:35 vol% LNO-LDC50 
(50 mol% lanthanum doped ceria), 65:35 vol% NNO-NDC50 (50 mol% neodymium 
doped ceria), and 48:52 vol% LSM-YSZ (Fuel Cell Materials and Tosoh respectively).  
Note that the slurries made for LSM-YSZ cells also contained carbon black as a pore 
former.  Prior to screen-printing LNO-LDC50 or NNO-NDC50 inks a layer of 10 mol% 
gadolinium doped ceria (GDC10, Fuel Cell Materials) was first screen-printed onto both 
sides of the electrolyte for use as a barrier layer between the YSZ and nickelate electrode.  
All cells were then sintered at 1240°C for 2 h with the barrier layers co-sintered at the 
same time as the electrodes.  In the case of LSM-YSZ electrodes, no barrier layers were 
used but the sintering temperature was still 1240°C for 2 h.     
3.4.2 Symmetrical Cell Electrochemical Performance Testing 
 
Prior to assembly, silver mesh current collectors were attached to the symmetrical 
cell electrodes using silver paste and sintered at 800°C for 30 mins.  The cell was then 




Silver wires were attached to each current collector to be used as current and voltage 
leads.  The cells were then heated to 800°C.  During testing, oxidant gases were 
circulated over both sides of the cell at a rate of 500 cc.min-1.  Electrochemical 
impedance spectroscopy (EIS) curves were obtained at multiple oxidant concentrations 
(1%, 5%, 10%, 15%, 21%, 60%, and 100% oxygen, balance nitrogen) using an amplitude 
of 10 mV while scanning from 100 kHz to 100 mHz.  Note that the gas containing 21% 
oxygen was building compressed air which was flowed through drierite to remove 
moisture.  All other gas compositions were pre-mixed gas cylinders which were already 
dry.  Measurements were taken at three temperatures: 800°C, 750°C, and 700°C.  The 
cell equilibrated for 30 mins at each oxygen partial pressure and after reaching 
temperature before measurements were taken.  All electrochemical measurements were 
taken with a Zennium workstation.  After testing the cells were removed from the furnace 
and analyzed by scanning electron microscopy (SEM) using a Zeiss Supra 55 
microscope. 
3.5 Symmetrical Cell Results 
3.5.1 Symmetrical Cells with GDC10 Barrier Layers 
 
The microstructure of the three symmetrical cells can be seen in Figure 3.1.  The 
48:52 vol% LSM-YSZ, 65:35 vol% LNO-LDC50, and 65:35 vol% NNO-NDC50 
cathodes have an average porosity of 36%, 37% and 40% and an average thickness of 27 
µm, 31 µm, and 31 µm respectively.  The LNO and NNO cells have a fairly coarse 




more tortuous pore structure.  The GDC10 barrier layers for LNO and NNO have a 




Figure 3.1- SEM cross sectional images of YSZ electrolyte supported symmetric cells with 
cathode compositions of a) 48:52 vol% LSM-YSZ, b) 65:35 vol% LNO-LDC50 with GDC10 
barrier layer, c) 65:35 vol% NNO-NDC50 with GDC10 barrier layer.  All cells were painted 
with a silver current collector 
 
Impedance spectroscopy was performed on the symmetrical cells and the data 
collected can be found in Figures 3.2 and 3.3.  The composite 65:35 vol% LNO-LDC50 
and NNO-NDC50 performed better than the standard 48:52 vol% LSM-YSZ electrode 
with LNO-LDC50 performing the best.  The polarization resistance was 1.88 Ω.cm2, 0.39 
Ω.cm2 and 0.81 Ω.cm2 for LSM-YSZ, LNO-LDC50 and NNO-NDC50 at 800°C in air, 
respectively.  Literature values for pure LNO and NNO oxygen electrodes have a wide 




processing conditions and experimental set-up [32,34,35,38].  For example, Hildenbran et 
al. reported polarization resistance values for a LNO oxygen electrode with a yttrium 
doped ceria (YDC) barrier layer which ranged from 0.15 to 0.5 Ω.cm2 at 800°C in air 
depending on the oxygen electrode sintering temperature [38]. Nielsen et al. found that a 
finer grained microstructure in a LSCF-GDC composite oxygen electrode performed 
better than an oxygen electrode with a coarser microstructure [53].  The microstructure as 
shown in Figure 3.1 for the LNO-LDC50 and NNO-NDC50 oxygen electrodes was 
similar to the coarse microstructure of Nielsen [53].  Therefore, it is possible that the 
polarization resistances for LNO-LDC50 and NNO-NDC50 oxygen electrodes could be 






Figure 3.2- Impedance spectroscopy results for symmetrical half cells at 800°C in various 
oxidant environments ranging from 1% to 100% oxygen with balance nitrogen with 
electrode compositions of a) 48:52 vol% LSM-YSZ b) 65:35 vol% LNO-LDC50 and c) 65:35 
vol% NNO-NDC50. 
The variation of the polarization resistance as a function of oxygen partial 
pressure is shown in Figure 3.3.  As oxygen partial pressure increases, the polarization 
resistance decreases.  This has been observed in a number of other oxygen electrode 
materials [41,43,46,59].  The decrease in polarization is due to improved oxygen 
adsorption kinetics, electronation kinetics, and oxygen diffusion in the oxygen electrode.  
The resistance varies as a function of (pO2)




LNO-LDC50 and NNO-NDC50 and the average value of n ≈ 0.21 for LSM-YSZ.  
Different values of n are indicative of differences in the rate controlling step of the 
oxygen reduction mechanism as discussed in Section 3.2.  For the LSM-YSZ composite 
electrode in this study the value is close to 1/4 and similar values have been seen in 
literature [47,59].  For example, Thomsen et al. found a value of n = 0.24 for a LSM-YSZ 
composite electrode and suggested that the mechanism of the oxygen reaction is 
consistent with a charge transfer reaction involving dissociatively adsorbed oxygen at 
low coverages [59].  The value of n for the LNO-LDC50 cells and the NNO-NDC50 cells 
however is greater than 1/4 which indicates that more than one rate limiting step may be 
involved in the oxygen reduction process.  A similar value of n ranging from 0.28 to 0.35 
was found by Sayers for LNO electrodes [43].  These values are also close to those 
observed on composite LSM-SDC electrodes (n= 0.33-0.5), which were attributed to a 
combination of dissociative adsorption and the charge transfer reaction [59].  
A possible reason for the differences between LSM and nickelate cells is their 
different point defect structures.  Nickelates have a RP structure which can accommodate 
excess oxygen interstitials in their rock salt layers.  These oxygen interstitials are the 
primary ionic point defect in the material and they can facilitate oxygen reduction and 
transport.  As oxygen partial pressure increases, the oxygen interstitial concentration and 
hole concentration also increases.  By contrast, in LSM, oxygen vacancies are the 
primary ionic point defects which affects reduction and transport.  In LSM, as oxygen 
partial pressure increases, the hole concentration increases but the oxygen vacancy 




are mixed ionic and electronic conductors which could lead to LSM and the RP phases 
having different rate-controlling steps in the oxygen reduction kinetics. 
 
Figure 3.3- Log-Log plots of total polarization resistance of the symmetrical cells versus 
oxygen partial pressure at 700°C, 750°C and 800°C for a) LSM-YSZ (◊) and LNO-LDC50 
(●) and b) LNO-LDC50 (●) and NNO-NDC50 (□). 
 
3.5.2 Symmetrical Cells with NDC50 Barrier Layers 
As previously stated in Chapter 2, nickelates are known to react with 10-20 mol% 
GDC which is often used as a barrier layer between the nickelate electrode and the 
electrolyte to prevent the formation of unwanted insulating phases.  While this 
degradation only occurs during the 2 h spent at the sintering temperature, it can still be 




doped cerias which have been shown to be stable at sintering temperature when in contact 
with nickelates.  However, initial symmetrical cell data was obtained on composite 
electrodes which still had a GDC10 barrier layer.  Therefore additional cells were made 
with 50 mol% rare-earth doped ceria barrier layers.   
Specifically a 65:35 vol% NNO-NDC50 electrode with a NDC50 barrier layer 
was tested.  The microstructure of this symmetrical cell can be seen in Figure 3.4.  The 
electrode was 24 µm thick with a porosity of 35%.  The barrier layer had a thickness of 5 
µm and it is less dense than the typical GDC10 barrier layer as seen in Figure 3.1.  
 
 
Figure 3.4- Microstructure of 65:35 vol% NNO-NDC50 electrode with NDC50 barrier layer 
 
 Additionally, an attempt was made to fabricate a 65:35 vol% LNO-LDC50 
electrode with a LDC50 barrier layer.  However, attempts were not successful due to 
delamination issues caused by coefficient of thermal expansion (CTE) mismatch.  Table 
3.3 shows the CTEs for the materials of interest.  Ideally the CTEs of the electrolyte, 
barrier layer, and electrode should match to prevent unwanted stresses caused by 
expansion during heating and cooling of the cell.  If the CTE of the oxygen electrode is 




mismatch by having a CTE value which falls in between the two layers.  If the CTE of 
the electrode is still too high then a composite electrode can be made which incorporates 
a material with a lower CTE.  This will lower the total CTE of the composite electrode 
due to the rule of mixtures.  While the CTE of the NDC50 is close to the CTE of a 
standard GDC20, the CTE of LDC50 is smaller.  This mismatch caused the composite 
electrode to delaminate during sintering.  
Layer Material CTE 
Electrode 
LNO 13.7-14.4 x 10-6 K-1 [23] 
13.0 x 10-6 K-1[8] 
NNO 11.1-12.4 x 10-6 K-1 [22] 
12.7 x 10-6 K-1 [8] 
Electrolyte YSZ 10.4 x 10-6 K-1 [22] 
Barrier Layer 
GDC20 12.2 x 10-6 K-1 [22] 
LDC50 10.48 x 10-6 K-1 [60] 
NDC50 11.87 x 10-6 K-1 [60] 
Table 3.3-  Coefficients of thermal expansion (CTEs)   
 
The 65:35 vol% NNO-NDC50 symmetrical cell with NDC50 barrier layer was 
tested by EIS similarly to the cells with GDC10 barrier layers.  The results for this cell 
can be seen in Figure 3.5.  The total polarization resistance in air at 800°C was 0.19 
Ω.cm2.  This is much smaller than the polarization resistance of the NNO-NDC50 cell 
with the GDC10 barrier layer which was 0.81 Ω.cm2 at 800°C in air.  It is also better than 
the LNO-LDC50 cell with the GDC10 barrier layer which had a polarization resistance of 
0.39 Ω.cm2.  The polarization resistance versus pO2 can be seen in Figure 3.6.  The 
polarization resistance of the cell is proportional to pO2
-n with n = 0.45 which is different 




0.34.  This indicates that rate limiting step of the ORR has likely changed.  As previously 
stated in Section 3.2, n = 1/2 indicates that oxygen dissociation is the rate limiting step of 
the ORR.  However, for the composite electrodes with GDC10 barrier layers the ORR 
was determined to be co-limited by oxygen dissociation and charge transfer.  Therefore, 
it is possible that switching to a chemically stable NDC50 barrier layer lowered the 
resistance associated with the charge transfer reaction which caused it to only be rate 
limited by the oxygen dissociation reaction.   
 
Figure 3.5- EIS results from the 65:35 vol% NNO-NDC50 symmetrical cell with a NDC50 





Figure 3.6- Polarization resistance vs. pO2 for 65:35 vol% NNO-NDC50 cell with NDC50 
barrier layer 
3.5.3 Activation Energy 
Plots of the total polarization resistance as a function of temperature for the 
symmetric cells can be seen in Figure 3.7.  The linear slope indicates an Arrhenius 
relationship.  To determine the activation energy for this process Equation 3.8 was used.  
 𝑅(𝑇) = 𝐴 × exp (
𝐸𝑎𝑐𝑡
𝑅𝑇
) (Eq 3.8) 
  
An average activation energy of 92 kJ.mol-1 or 0.95 eV was found for the LNO-LDC50 
cell with the activation energy mostly increasing with increasing partial pressure with 
values ranging from 81 kJ.mol-1 at 1% oxygen to 101 kJ.mol-1 at 60% oxygen (99 kJ.mol-
1 at 100% oxygen).  This value is similar to values obtained by other researchers.  For 
example, Hildenbran et al. found activation energies ranging from 85 kJ.mol-1 to 95 
kJ.mol-1 for LNO symmetric cells run using air as the oxidant [38].  Also Carneiro et al. 
reported an activation energy of approximately 101 kJ.mol-1 at an oxygen partial pressure 




The activation energy for the NNO-NDC50 cell with a GDC10 barrier layer was 
also calculated with Equation 3.8 and determined to be approximately 1.27 eV or 123 
kJ.mol-1.  This is higher than the activation energy calculated for the LNO-LDC50 cell 
but similar to values obtained by Escudero et al. who found an activation energy of 1.2 
eV for a LNO electrode [42] and identical to the activation energy found for a NNO 
electrode by Ogier et al. [32]. 
 The activation energy for the LSM-YSZ symmetrical cell was similar to the 
NNO-NDC50 cell with a value of 129 J.mol-1 or 1.34 eV and the activation energy of the 
NNO-NDC50 cell with the NDC50 barrier layer was the largest with a value of 166 





Figure 3.7- Total polarization resistance vs. temperature at a variety of oxygen partial 
pressures for a) LNO-LDC50 cell with GDC10 barrier layer, b) NNO-NDC50 cell with 
GDC10 barrier layer, c) LSM-YSZ cell, and d) NNO-NDC50 cell with NDC50 barrier layer 
 
3.6 EIS modeling of Symmetrical Cell Results 
In an effort to better understand the polarization losses of the symmetrical cells, EIS 
modeling was performed.  The results are presented in the following sections. 
3.6.1 EIS modeling of 65:35 vol% LNO-LDC50 Symmetrical Cell 
The 65:35 vol% LNO-LDC50 cell with a GDC10 barrier layer was modeled with an 
ECM consisting of one resistor in series with a fractal Gerischer element.  The resistor 




resistance from the ORR.  While other models also include RQ elements for ion transfer 
at the electrode-electrolyte interface and gas diffusion, it was determined that these 
contributions were nonexistent, too small to measure, or overlapped with the Gerischer 
element making them complicated to deconvolute for the LNO-LDC50 symmetric cell.  
Fits for this cell at 800°C in three oxygen partial pressures (100%, 21% and 1% oxygen, 
balance nitrogen) can be seen in Figure 3.8.  Overall the fits follow the general shape of 
the EIS curve with the Gerischer element capturing the somewhat linear initial region 
followed by a depressed semicircle.  It should be noted that the EIS curves at high 
oxygen partial pressures (60-100% oxygen) were best fit using an ideal Gerischer with a 
phi of 1 while the rest of the curves were better fit with fractal Gerischers with a phi as 
low as 0.95.  This suggests a somewhat non-uniform electronic current distribution which 
has been used in the past to model LNO electrodes by Flura et al. [35].  This could be due 
to the porous structure, coupled with a high anisotropy of its electronic and ionic 





Figure 3.8-  EIS modeling fitting of LNO-LDC50 symmetric cells at 800°C with Gerischer 
element (GE) at 1%, 21% and 100% oxygen, balance nitrogen 
 
While this model provided the best fits for the LNO-LDC50 symmetrical cell, it 
should be noted that the fits were not perfect.  During a closer examination, it can be seen 
that the fits at high frequency tend to deviate from the experimental data, and are best 




inductance effects, or equipment noise/error.  While the inductance was calculated and 
subtracted from the data prior to modeling as mentioned in Section 3.3, it is possible that 
some residual effects still remain which makes fitting the high frequency data difficult.  
Also as suggested by Klotz et al. fitting at high frequencies is complicated due to 
equipment noise and potentiostats whose accuracy tends to be lower at these frequencies 
[63].  However, the fact that the fits are worse at high partial pressure indicates that there 
is probably is a small unaccounted for impedance contribution at high frequency.  For 
example, as previously stated, ion transfer at the electrode-electrolyte interface is known 
to occur at high frequencies of approximately 104 Hz [34,36,39].  The resistance 
contribution from such an element would be small and therefore more visible at high 
oxygen partial pressures when the total polarization resistance is smaller.  The resistance 
should not change with oxygen partial pressure because there is no molecular oxygen 
involved in the ion transfer step [47].  At low oxygen partial pressures, the contribution 
from the ORR is much larger than the contributions from the electrode-electrolyte 
interface.  Therefore, assuming that the total cell resistance is only Gerischer resistance is 
appropriate.  However, at high oxygen partial pressures the resistance from the electrode-
electrolyte has a more significant contribution to the total polarization resistance and fits 
with only Gerischer resistance are less accurate. 
An effort was made to model the cell using an additional RQ element to account for 
this contribution but the model was inconclusive and no high frequency RQ elements 




frequency RQ elements should be included in the model to represent gas diffusion but 
similarly no good fits including a low frequency RQ element were found.   
EIS data obtained at lower temperatures were also modeled.  The fits for the cell at 
700°C can be seen in Figure 3.9.  At 700°C the overall fit is improved but the fits at low 
oxygen partial pressures are still better.  This confirms that an additional high frequency 
RQ element must be present.  As temperature decreases, the impedance contribution from 
the electrode-electrolyte interface should increase but its contribution to the total 
polarization resistance should still be low in comparison to the contribution from the 
ORR [36].  Therefore, the slight curvature at high frequency is probably due to a small 
RQ element caused by the electrode-electrolyte interface ion transfer reaction.  Again a 
RQ element was added to the model in an attempt to include this contribution but the 
results were inconclusive and no high frequency RQ elements were found to fit. 
Similarly, an effort was made to see if any low frequency RQ elements should be 
included in the model to represent gas diffusion but no good fits including a low 
frequency RQ element were found.   





Figure 3.9- EIS modeling of LNO-LDC50 symmetrical cell at 700°C with a Gerischer 
element (GE) at 1%, 21%, and 100% oxygen, balance nitrogen 
 
All the modeling results for the LNO-LDC symmetrical cell are summarized in 
Figure 3.10 which shows the Gerischer resistance versus pO2.  It can be seen that the 
slope of the Gerischer resistance versus pO2 is similar to the value reported in Figure 3.3 




element.  Therefore, Rp is approximately equal to RGe.  It should be recalled that the 
Gerischer resistance is assumed to be the resistance of the ORR.   
 
Figure 3.10- Gerischer resistance (RGe) vs. pO2 for the LNO-LDC50 symmetrical cell run 
under oxidants ranging from 1% to 10% oxygen, balance nitrogen 
 
Another method of modeling was also attempted using only RQ elements.  This 
time instead of using a Gerischer element to model the ORR, two RQ elements were 
used.  The results of this model can be seen in Figure 3.11 in comparison to modeling 
with a Gerischer element.  As can be seen with the percent error graphs for each model, 
modeling with two RQ elements actually provides better fits.  Percent error is calculated 
with Equation 3.9 below for both the real and imaginary components of the impedance. 
 % 𝐸𝑟𝑟𝑜𝑟 =  
𝑍𝑒𝑥𝑝 − 𝑍𝑓𝑖𝑡
𝑍𝑓𝑖𝑡
 𝑥 100 (Eq 3.9) 
 
The resistances of the two RQ elements versus pO2 can be seen in Figure 3.12 for 




the slope of the RQ2 element is on average 0.25.  Referring back to Section 3.2 it can be 
proposed that the RQ1 element is due to oxygen dissociation while the RQ2 element is 
due to the charge transfer reaction.  However, literature on this matter is conflicting.  
According to some researchers a value of n = 1/4 actually indicates that the rate limiting 
step is the diffusion of oxygen ions to the triple phase boundary [45,47].  This second 
explanation falls in line with assumptions about the ORR in MIEC elements as proposed 
by the Adler-Lane-Steel (ALS) model which uses a Gerischer element to model 
impedance.  As discussed in Section 3.3.1, Gerischer impedance includes solid state 
diffusion of oxygen in the electrode and the oxygen surface exchange between the 
electrode and the gas as the co-limiting steps of the ORR.  Neither of these steps involves 





Figure 3.11- Comparison between modeling with two RQ elements (RQ1 and RQ2) versus 
one Gerischer element (GE) for LNO-LDC50 cell at 800°C in 100% oxygen at 1% oxygen, 





Figure 3.12- Resistance of RQ1 (○) and RQ2 (●) versus pO2 for LNO-LDC50 cell from 
700°C to 800°C. 
 
3.6.2 EIS modeling of NNO-NDC50 electrode with GDC10 barrier layer 
The 65:35 vol% NNO-NDC50 symmetrical cell with a GDC10 barrier layer was 
also modeled with an ECM.  The exact model used depended on both temperature and 
oxygen partial pressure.  Table 3.4 contains a summary of which model was used for 
which conditions.  The reasons for these models will be described below. 
Temperature Oxygen Partial Pressure Model 
800°C 10-100% R-Ge 
1-5% R-Ge-RQdiff 
750°C 10-100% R-RQHigh-Ge 
1-5% R-RQHigh-Ge-RQdiff 
700°C 10-100% R-RQHigh-Ge 
1-5% R-RQHigh-Ge-RQdiff 
Table 3.4- ECMs used for NNO-NDC50 cell with GDC10 barrier layer 
 
At 800°C and high oxygen partial pressures the model used for the NNO-NDC50 
cell was the same as the model used for the LNO-LDC50 cell.  It contained a resistor to 




oxygen partial pressures of 1% and 5% oxygen an additional RQ element was needed at 
medium to low frequency.  This was because at these low oxygen partial pressures the 
medium frequency Gerischer fits predicted maximum peak frequencies which were lower 
in magnitude and shifted to slightly lower frequencies than experimentally found.  This 
suggested another medium or low frequency process was occurring.  Research suggested 
the addition of a low frequency peak for gas diffusion which is expected to be dependent 
on oxygen partial pressure but not temperature [36,52].   
Many researchers performing EIS under air do not see a large contribution from 
gas diffusion on their polarization resistance and if an arc is visible it is usually only seen 
at high temperatures of 800°C and above [53].  This is because at high temperatures the 
contributions from the other elements to the total polarization resistance is small making 
it possible to see the contribution from diffusion.  This contribution is also present at 
lower temperature but it is not often visible as an obvious arc because it is typically very 
small and hidden by other arcs.  However, when going to low oxygen partial pressures, as 
was done in this work, the polarization resistance from gas diffusion should increase.  
Therefore, a RQ element (RQdiff) was needed and used to model gas diffusion at 1-5% 
oxygen.  The impedance contributions from gas diffusion at 10% oxygen and above were 
too small to accurately measure. Note that in order to simplify the model all Gerischer 
elements for NNO-NDC50 were assumed to be ideal (φ = 1).   
The final modeling results at 800°C can be seen in Figure 3.13.  It can be seen that 
the max peak frequencies of the Gerischer element and the low frequency RQ element 




and why it is hard to see the small contribution from gas phase diffusion in the overall 
shape.   
 
Figure 3.13-  EIS fitting of NNO-NDC50 with GDC10 barrier layer cell at 800°C with model 
R-Ge at oxygen concentrations of 21% and 100% oxygen, balance nitrogen, and model R-





At 750°C and below an additional high frequency arc was observed as seen in 
Figure 3.14.  Therefore, an additional RQ element (RQHigh) was needed for modeling.  
Research suggests that this high frequency arc is due to charge transfer at the electrode-
electrolyte interface [34,39].  Also at 750°C and below a low frequency RQ element 
(RQdiff) was included at low oxygen partial pressures of 1–5% oxygen to account for gas 
diffusion.  It should be noted that although a close examination of the EIS curves at 
800°C seems to show a very small RQ arc at high frequency, a RQ element was not used 
in the model at 800°C.  This is because the resistance associated with the RQ element 





Figure 3.14-  EIS curves of 65:35 vol% NNO-NDC50 symmetrical cells in oxidants ranging 
from 1% to 100% oxygen, balance nitrogen at a) 800°C b) 750°C and c) 700°C. 
 
It should be noted that although the addition of more elements makes for a more 
accurate model with less error, it also makes the fitting procedure more complicated.  The 
LNO-LDC50 cell had a total of four fitting parameters while the NNO-NDC50 cells at 




was to assume only ideal Gerischer elements which eliminates one fitting parameter.  
Additionally, the low frequency RQ element was modeled at high temperature, where it 
should be the most visible, and then the same parameters were used at lower temperatures 
based on the assumption that gas diffusion is independent of temperature.  A similar 
method of fitting has been used by other researchers in order to lessen the complexity of 
the fitting model while respecting the physical limitations that govern the change of cell 
resistance when the operating conditions are varied [52].  Allowing the RQ elements to 
change with temperature was also attempted but the fitting results were not realistic.   
The modeling results at 750°C can be seen in Figure 3.15.  The fits are good but 
could still be improved at low oxygen partial pressure.  This suggests that the assumption 
that the RQdiff element remains constant with temperature is not entirely accurate.  While 
theory states that gas diffusion is independent of temperature, in practice researchers have 
seen a slight temperature dependence of this RQ element [53].  However, modeling 
attempts to vary this RQ element with temperature have not worked due to its frequency 
overlap with the Gerischer element making it hard to deconvolute.   
 The fits of the high frequency RQ element (RQHigh) had a resistance that was 
relatively constant with oxygen partial pressure as can be seen in Figure 3.16.  The high 
frequency element has typically been associated with oxygen ion transfer between the 
electrode and electrolyte [34,36,39,59]. The RQ element associated with this process 
should be independent of pO2 because gaseous oxygen is not involved with the ion 
transfer step [47].   




looking at how the Gerischer resistance changes with oxygen partial pressure it can be 
seen that the slope is similar to the slope obtained when looking at total cell resistance 
verse oxygen partial pressure in Figure 3.3 (-0.33 vs. -0.34).  This is because the 
contributions of the oxygen ion transfer and gas diffusion resistance to the overall cell 
polarization resistance is low.  Therefore, the polarization loss is dominated by losses 
from the ORR.  This confirms the research which found that the largest contribution to 
SOFC polarization losses is activation polarization of the electrode caused by the ORR 
[19,20].  This slope is almost identical to the slope obtained for LNO meaning both types 






Figure 3.15- EIS fitting at 750°C for NNO-NDC50 cells with model R-RQhigh-Ge at 21% and 







Figure 3.16- Resistance for high frequency RQ element vs. pO2 for NNO-NDC50  
symmetrical cell with GDC10 barrier layer.  Includes all models, R-RQhigh-Ge from 10-
100% oxygen, balance nitrogen, and R-RQhigh-Ge-RQdiff for 1-5% oxygen, balance nitrogen, 
and R-RQ0-RQ1-RQ2 for all oxygen concentrations. 
 
Figure 3.17- Gerischer resistance (RGe) vs pO2 and temperature for NNO-NDC50 cell using 
the models listed in Table 3.4 
 
Finally, another model using just RQ elements was used in an attempt to obtain 
better fits and a better understanding of the underlying mechanisms of the ORR.  
Similarly, to the all RQ model for LNO, the Gerischer element was split into two separate 
RQ elements.  Therefore, the new model now consists of two RQ elements at 800°C and 
three RQ elements at 750°C and 700°C.  For clarity, the high frequency arc modeled at 




what was the Gerischer element will be referred to as RQ1 and RQ2.  This fit is better 
than the previous fit as shown in Figures 3.18 and 3.19.  The resistances of RQ0, RQ1 
and RQ2 as a function of oxygen partial pressure can be seen in Figures 3.16 and 3.20.  
The slopes for RQ1 and RQ2 are similar to the slopes obtained for RQ1 and RQ2 of the 
LNO-LDC50 cell.  This implies that they represent the same physical processes as 
discussed for LNO in Section 3.6.1.  However, RQ0 (the high frequency arc) at 750°C 
and 700°C is no longer independent of oxygen partial pressure as it previously was.  As 
stated previously, the high frequency RQ element is associated with ion transfer across 
the electrode-electrolyte interface.  This process should be independent of temperature 
because no gaseous oxygen is involved in the reaction [47].  However, other researchers 
still attribute this RQ element with the interface ion transfer despite its dependence on 
oxygen partial pressure.  For example, Carneiro et al. found a RQ element with a pO2 
dependence of n = 0.125 and still attributed it to oxygen ion transfer based on its 
occurrence at high frequency and its capacitance value [61].  Alternatively, Khandale et 
al. proposed that the dependence of oxygen ion transfer across the electrode-electrolyte 
interface actually has a value of n = 1/10 which is close to the value of n = 0.13 obtained 
at 700°C in this study [44]. 
A model for NNO with four RQ elements to include any potential gas diffusion 
effects was not attempted due to the large number of fitting parameters required.  It is 
probable that gas diffusion effects are still present but contained within RQ3 at low 





Figure 3.18- EIS modeling of NNO-NDC50 cell with GDC10 barrier layer at 800°C using 
model R-Ge at 100% oxygen, R-Ge-RQdiff at 5% oxygen, balance nitrogen, in comparison to 





Figure 3.19- EIS modeling of NNO-NDC50 symmetric cell with GDC10 barrier layer at 
750°C using model R-RQHigh-Ge at 100% oxygen, R-RQHigh-Ge-RQdiff at 1% oxygen, 





Figure 3.20-  Resistance of RQ elements RQ1 (○) and RQ2 (●) versus pO2 for NNO-NDC50 
symmetrical cell with GDC10 barrier layer using model R-RQ0-RQ1-RQ1 
 
3.6.3 EIS modeling of LSM-YSZ symmetrical cell 
Gerischer elements were not used to model LSM-YSZ electrodes because LSM is 
not a mixed ionic and electronic conductor (MIEC) [64].  Therefore, EIS modeling on the 
LSM-YSZ symmetrical cell was done using an ECM which consisted of three RQ 
elements.  The fits obtained from this model can be seen in Figures 3.21 and 3.22 at 
800°C and 750°C respectively.  The fits are good but tend to deviate at high frequencies.  
This could be due to residual inductive effects or equipment noise/error.  The addition of 
the RQ0 element at high frequencies helped to improve the fit but the trends for RQ0 
versus oxygen partial pressure are not consistent across all experiments, as can be seen in 
Figure 3.23a.  Therefore, there are probably additional processes occurring at high 




five processes occurring in LSM-YSZ composite electrodes and two of these processes 
appeared at high frequency [65].  These processes were both associated with oxygen ion 
transport across the LSM-YSZ interface and through the YSZ in the composite.  Both 
processes should be independent of oxygen partial pressure but they both have similar 
max peak frequencies which make them hard to separate and analyze.   
The resistances of RQ1 and RQ2 versus oxygen partial pressure can be seen in 
Figure 3.23b.  The dependence of these arcs on partial pressure are similar to those found 
in literature.  For example, Thomsen et al. studied LSM-YSZ composite electrodes and 
found a dependence of n = 0.10±0.05 for RQ1 and n = 0.28±0.03 for RQ2 which compare 
to the values found in this study of n = 0.17 and n = 0.25 [59].  Thomsen et al. reasoned 
that though uncertainties remained, the results from their study were most consistent with 
a charge transfer limited reaction [59].  This is different than the mechanisms of RQ1 and 
RQ2 found for the LNO-LDC50 and NNO-NDC50 cells which found that the overall 
process was co-limited by either charge transfer or oxygen ion diffusion (RQ1) and 





Figure 3.21- EIS modeling of LSM-YSZ cell with three RQ elements at 800°C in 1%, 21%, 








Figure 3.22-  EIS modeling of LSM-YSZ cell at 750°C using three RQ elements (RQ0, RQ1, 





Figure 3.23- Resistance of a) RQ0 and b) RQ1 (○) and RQ2 (●) versus pO2 for LSM-YSZ 
symmetrical cell  
 
3.6.4 EIS modeling of NNO-NDC50 cell with NDC50 barrier layer 
The NNO-NDC50 symmetric cell with a NDC50 barrier layer was modeled with 
two RQ elements and the fits can be seen in Figure 3.24 at 800°C and 750°C.  The 
resistance of RQ1 and RQ2 versus oxygen partial pressure can be seen in Figure 3.25.  
The n values for both elements are higher than those obtained on the LNO-LDC50 and 
NNO-NDC50 cells with GDC10 barrier layers.  The change in barrier layer has made the 
cell more effected by changes in oxygen partial pressure.  This could be due to a switch 
from being charge transfer controlled to instead being controlled only by oxygen 
dissociation which has a higher dependence on partial pressure.  However, the exact 
reason for this is unknown and needs to be studied further.  Although, it is clear that this 
cell outperforms the other symmetrical cells with GDC10 barrier layers.  This is probably 
due to the increased thermodynamic stability of 50 mol% doped cerias in contact with 
nickelates, as studied in Chapter 2.  This is very important because according to Flura et 




dependent on the LNO-GDC interface [35].  In their study performance was highly 
dependent on the sintering temperature of the barrier layer.  They reasoned that 
progressive diffusion of lanthanum into GDC would decrease its ionic conductivity and 
therefore lower its performance.  Therefore, an improved thermodynamic stability 
between the two interfaces is critical.     
It is also probable that the performance of this cell could be improved by creating 
a denser barrier layer which was again shown by Flura et al. to decrease polarization 
resistance by increasing TPB length [35]. Similarly, Rieu et al. showed the importance of 
increased TPB length on decreasing the polarization resistance of a LNO electrode [34].  
Also an improved electrode microstructure could help to improve performance.  As 
previously mentioned by Nielsen et al., a finer grained microstructure led to lower 





Figure 3.24- EIS modeling of NNO-NDC50 cell with NDC50 barrier layer at 800°C and 





Figure 3.25- Resistance of RQ1 (○) and RQ2 (●) vs pO2 for NNO-NDC50 cell with NDC50 
barrier layer using model R-RQ1-RQ2 at 750°C and 800°C 
 
3.6.5 Summary of effects of partial pressure on ORR 
  A summary of the effect of oxygen partial pressure on polarization resistance can 
be seen in Table 3.5 for all the symmetrical cells with the resistance proportion to (pO2)
-n.  
The LNO-LDC50 and NNO-NDC50 cells with GDC10 barrier layers had n values in 
between n =1/4 and n=1/2. This lead to the conclusion that they are co-limited by either 
the charge transfer reaction or oxygen ion diffusion and oxygen dissociation.  The LSM-
YSZ cell had a n value close to n=1/4 which meant it was limited by the charge transfer 
reaction or by oxygen diffusion.  Finally the NNO-NDC50 cell with NDC50 barrier layer 








Value of n 





x 0.33 x x 
Model 2 x x 0.46 0.25 
NNO-NDC50 
w/ GDC10 BL 
Model 1 
0.34 
-0.04 (RQhigh) 0.32 x x 
Model 2 0.16 (RQ0) x 0.40 0.30 
LSM-YSZ Model 1 0.21 0.1/0.2/0.26 x 0.25 0.17 
NNO-NDC50 
w/GDC10 BL 
Model 1 0.45 x x 0.49 0.42 
Table 3.5-  Summary of the effect of oxygen partial pressure on polarization resistance 
 
3.7 Conclusions 
 Nickelate-doped ceria composite electrodes were shown to have better 
performance than standard LSM-YSZ composite electrodes through electrochemical 
impedance spectroscopy.  The best performance was obtained with a neodymium 
nickelate (NNO)-50 mol% neodymium doped ceria (NDC50) electrode with a NDC50 
barrier layer.  The polarization resistance in air at 800°C was 0.19 Ω.cm2 which is almost 
ten times better than the LSM-YSZ electrode which had a resistance of 1.81 Ω.cm2.  The 
change from a 10 mol% gadolinium doped ceria (GDC10) barrier layer to a NDC50 
barrier layer greatly reduced the overall polarization resistance for the NNO composite 
electrode.  This change is probably due to improved chemical stability of nickelate 
materials with 50 mol% doped ceria.  Further improvements could be made by tailoring 
both the electrode and barrier layer microstructure.   
Additionally, EIS modeling showed that the oxygen reduction reaction of the 
NNO-NDC50 electrode with a GDC10 barrier layer was controlled by both oxygen 
dissociation and either charge transfer or oxygen ion diffusion. A similar finding was 
determined for the LNO-LDC50 cell with GDC10 barrier layer.  The NNO-NDC50 cell 




reaction to be primarily controlled by the oxygen dissociation reaction.  However, finding 
a unique model to separate the total polarization resistance into separate processes proved 
difficult.  This was due to the overlapping peak frequencies of gas diffusion and the 
oxygen reduction reaction and due to resistance from interface oxygen ion transfer.  
However, a clear difference between LSM-YSZ electrodes and nickelate-ceria electrodes 






4. FULL CELL ANALYSIS  
4.1 Introduction 
 Lanthanum and neodymium nickelate (LNO and NNO) cathodes were previously 
studied for use in solid oxide fuel cells (SOFCs).  It was found that nickelates react with 
rare-earth doped ceria when the dopant concentration is far from the solubility limit [27].  
Rare-earth doped cerias are commonly used as barrier layers between the cathode and the 
electrolyte to prevent unwanted reaction [21].  They are also commonly used in 
composite cathodes to increase the ionic conductivity of the cathode to improve cell 
performance [25].  As shown in Chapter 2, one way to stabilize these nickelate-doped 
ceria composites is by using a dopant concentration which is close to the solubility limit 
of the rare-earth element in ceria.  For neodymium and lanthanum doped ceria that 
solubility limit is close to 50 mol% [27,66].   
Previous symmetrical cell studies, as presented in Chapter 3, showed the 
enhanced performance of LNO-50 mol% lanthanum doped ceria (LDC50) and NNO-50 
mol% neodymium doped ceria (NDC50) composite cathodes in comparison to 
commercially standard lanthanum strontium manganite (LSM)-yttria stabilized zirconia 
(YSZ) composite cathodes.  Therefore, these composites were chosen for use on full 
anode supported button cells to evaluate performance.  Also included in this chapter are 
the results of an anode supported full cell with a single phase LNO cathode to highlight 
the improved performance of composite cathodes.  





4.2 Experimental Procedure 
 
4.2.1 Single phase Nickelate Electrode Cell Fabrication 
 
Anode supported cells fabricated up to the electrolyte deposition step were 
commercially purchased.  These half cells consisted of an approximately 400 µm thick 
yttria stabilized zirconia (YSZ)-nickel oxide (NiO) anode and an 8 µm thick YSZ 
electrolyte.  On top of the electrolyte a 6 µm thick 10 mol% gadolinium doped ceria 
(GDC10) was screen-printed and sintered at 1300°C for 5 h.  As mentioned previously, 
this barrier layer is needed to prevent reactions between the nickelate cathodes and the 
YSZ electrolyte [21].  Then a lanthanum nickelate La2NiO4+δ (LNO) cathode was screen-
printed on top of the barrier layer and sintered at 1225°C for 2 h.   
4.2.2 Composite Nickelate Electrode Cell Fabrication 
 
The base used for the composite nickelate electrodes was a commercially 
purchased half-cell which consisted of a NiO-YSZ fuel electrode which was 
approximately 400 µm thick, a YSZ electrolyte which was 8 µm thick, and a GDC10 
barrier layer which was 3 µm thick.  An additional layer of GDC10 was screen-printed 
onto the existing GDC10 barrier layer.  Subsequently, an oxygen electrode was screen-
printed onto the unsintered GDC10 barrier layer.  The compositions of the oxygen 
electrodes were 70:30 vol% LNO-LDC50 and 70:30 vol% NNO-NDC50.  The additional 
barrier layer and the oxygen electrode were co-sintered at 1240°C for 2 h.   




purchased for use as a baseline.  This cell has the same fuel electrode and electrolyte as 
the nickelate cells with a cathode which consists of an active layer of approximately 
50:50 vol% LSM-YSZ and a current collector layer of LSM.  The composition of this 
LSM was (La0.75Sr0.25)0.95MnO3±δ.  It should be noted that this cell did not have a barrier 
layer. 
4.2.3 Electrochemical cell testing of Single phase Nickelate Electrodes 
 
The fabricated cells were sandwiched between alumina tubes and sealed with a 
mica gasket and a gold O-ring.  Silver mesh was attached to the cathode with silver paste 
and nickel mesh was attached to the anode with nickel paste to be used as current 
collectors.  Silver wires were spring loaded onto the silver mesh and nickel rods were 
contacted to the nickel mesh to be used as current and voltage leads.  After assembly the 
cell was heated to 800°C for reduction.   
During reduction, dry air was flowed over the cathode at a rate of 500 cc.min-1 
and a mixture of 97% forming gas (5% hydrogen with 95% nitrogen) and 3% water vapor 
was flowed over the anode at a rate of 300 cc.min-1.  During the reduction process the 
nickel oxide in the anode reduced to nickel metal.  Once the open circuit voltage (OCV) 
became stable, the fuel on the anode side was switched to 97% hydrogen - 3% water 
vapor.   
After reduction, the fuel cell was activated under a constant current of 0.5 A.cm-2.  
Activation was done to break in the cell and improve performance.  It is known that the 




for 48 h until the cell voltage was stabilized and cell break-in was complete.     
During electrochemical testing an oxidant was flowed over the cathode at a rate of 
1000 cc.min-1 and 97% hydrogen with 3% water vapor was flowed over the anode at a 
rate of 300 cc.min-1.  The oxidants used include 1%, 5%, 10%, 15%, 21%, 60%, and 
100% oxygen with balance nitrogen. For each oxidant gas composition, voltage-current 
density curves were obtained to determine polarization losses as a function of applied 
current.  Impedance spectroscopy on the cells was also performed under each oxidizing 
condition.  After testing was completed at 800°C, it was repeated at 750°C, and 700°C.  
Voltage-current density curves and impedance spectroscopy were obtained with a 
PARSTAT 4000. 
4.2.4 Electrochemical Testing of Composite Nickelate Electrodes 
 
 The electrochemical testing of the composite nickelate electrodes was similar to 
the testing done on the single phase nickelate cathodes with the following exceptions.  
The air flow rate was maintained at 300 cc.min-1 throughout testing.  There was no 
activation step after reduction.  Following reduction the cells were immediately tested.  
Voltage-current density curves were obtained using a Zennium electrochemical 
workstation with a Zahner PP211 potentiostat.  The cells were run using dry air as the 





4.3 Electrochemical cell results 
4.3.1 Microstructure 
The cross-sectional microstructure of the single phase lanthanum nickelate cell 
was analyzed by scanning electron microscopy (SEM) and can be seen in Figure 4.1.  
The cathode thicknesses was approximately 28 µm with an average porosity of 28%.   
 
 
Figure 4.1- SEM cross sectional image of single phase lanthanum nickelate (LNO) cathode 
as screen-printed on half cells with a GDC10 barrier layer. 
 
The cross-sectional microstructure of the nickelate composite-cells can be seen in 
Figure 4.2 along with the commercially purchased LSM-YSZ cell.  The 70:30 vol% 
LNO-LDC50 and 70:30 vol% NNO-NDC50 oxygen electrode thicknesses are 29 µm and 
32 µm with porosities of 47% and 45% respectively.  The GDC10 barrier layers for both 





Figure 4.2- SEM cross sectional image of electrode-supported full cells with Ni-YSZ fuel 
electrodes, YSZ electrolytes and composite electrodes:  a) 70:30 vol% LNO-LDC50 oxygen 
electrode with GDC10 barrier layer b) 70:30 vol% NNO-NDC50 oxygen electrode with 
GDC10 barrier layer c) LSM-YSZ active layer with LSM current collector layer (LSM-YSZ 
image obtained from work done by Zhu et al. [67])  
 
4.3.2 Electrochemical Performance of Single phase Nickelate Cathodes 
 
The lanthanum nickelate cathode cell was tested in seven different oxidant 
compositions to determine the effect of oxygen partial pressure on cathode performance.   
Figure 4.3 shows the resultant voltage versus current density (I-V) and power density 
versus current density (I-P) curves of the LNO cell.  The electrochemical performance 
was also evaluated by electrochemical impedance spectroscopy (EIS) and that data can be 
seen in Figure 4.4.  In Figure 4.4 the ohmic resistance of the cell has already been 




frequency end of the curve hits the x-axis.  The cell reached a maximum power density of 
1038 mW.cm-2 at 800°C in 100% oxygen with an ohmic resistance of 0.14 Ω∙cm2 and a 
total polarization resistance of 1.08 Ω∙cm2.  The polarization resistance includes 
contributions from both the anode and the cathode due to both activation and 
concentration polarization.  
A plot of the polarization resistance as a function of oxygen partial pressure can 
be seen in Figure 4.5.  The polarization resistance was proportional to pO2
-n with n = 
0.12.  Therefore, as partial pressure increases the polarization resistance decreases as 
would be expected by the Nernst equation due to enhanced thermodynamic driving 
forces.  Further analysis of these data was done by modeling charge transfer resistance at 
low current density. 





Figure 4.3- Single phase lanthanum nickelate (LNO) cell performance data at a) 800°C, b) 





Figure 4.4- EIS results of a full cell with a single phase lanthanum nickelate (LNO) 
electrode at a) 800°C, b) 750°C, c) 700°C at various oxygen partial pressures from 1% to 





Figure 4.5- Polarization resistance (Rp) as a function of oxygen partial pressure (pO2) for a 
full cell with a single phase LNO cathode and a GDC10 barrier layer 
 
4.3.3 Modeling charge transfer resistance at low current density 
Prior work has shown that the principal irreversible polarization loss in a cell is 
caused by cathodic charge transfer resistance [20][19].  Therefore, to directly analyze 
cathodic charge transfer resistance, multiple oxidizing conditions were tested to 
understand the effect of oxygen partial pressure on activation polarization.  The goal is to 
pick a cathode material in which the concentration of defects that mediate oxygen 
reduction and transport, increase with increasing oxygen partial pressure.  This should 
lead to lower charge transfer resistances and therefore lower activation polarization. 
Area specific resistances at low current densities were analyzed using a simple 
model. This model assumes that at low current densities the total resistance (𝑅𝑡) is 
primarily dominated by ohmic resistance (𝑅𝛺) and charge transfer resistance (𝑅𝑐𝑡) 




current densities.  This can be modeled by Equation 4.1 below which is a simplified 
version of a model as reported by Virkar et. al. [68]. 




−𝛾 (Eq 4.1) 
 
where the charge transfer resistance (𝑅𝑐𝑡) for low values of over potential (i.e. low 




 (Eq 4.2) 
 
and the exchange current density is related to the partial pressure of oxygen by Equation 
4.3 according to Newman et al. [70]. 
 𝑖𝑜 = 𝑖𝑜,𝑂2(𝑝𝑂2)
𝛾 (Eq 4.3) 
 
with 𝑖𝑜,𝑂2 being the exchange current density at 100% oxygen and 𝛾 being a material 
composition dependent value which does not depend on temperature [70].  Using this 
model and the ohmic resistance measured independently from impedance spectroscopy, it 
is possible to obtain the exchange current density which depends on the materials surface 
exchange coefficient.  
This model was used to analyze the LNO cell.  Area specific resistances were 
measured by finding the slope of the I-V curve close to open circuit voltage.  The fit and 
fitting parameters are shown in Figure 4.6 and Table 4.1 respectively.  The model 
accurately fits the data for low oxygen partial pressure environments but starts to diverge 
at higher oxygen partial pressures.  This is probably because at high oxygen partial 




may no longer be negligible.  Despite this issue it is interesting to note that the partial 
pressure dependence of the cathodic activation concentration is 0.14 which is very close 
to the partial pressure dependence of n = 0.12 from the total cell polarization.  Therefore, 
it is probable that the majority of the cell’s polarization resistance is cathodic activation 
polarization as suggested by literature [20][19].  However, the value of 0.14 is not close 
to the pO2 dependence of n = 0.34 as seen in composite nickelate symmetric cells in 
Chapter 3.  This again is probably due to unaccounted for contributions from the anode to 
the total polarization resistance.   
                                                                           
Figure 4.6- Modeling results for charge transfer resistance at low current densities for a 
single phase lanthanum nickelate (LNO) cathode 
 
 Temp 𝑹𝜴(Ω*cm2) 𝒊𝒐,𝑶𝟐(A/cm
2·atmγ) 𝜸 
LNO 800°C 0.15 0.077 0.137 
750°C 0.23 0.054 
700°C 0.32 0.040 
Table 4.1-  Fitting parameters for charge transfer resistance modeling of the single phase 




4.3.4 Electrochemical Performance of Composite Nickelate Cathodes 
 
To assess the SOFC performance of the composite cathodes, cells were tested by 
circulating flowing 97% H2-3% H2O over the fuel electrode and air over the oxygen 
electrode at 800°C.  Figure 4.7 shows the resultant voltage versus current density (I-V) 
and power density versus current density (I-P) curves of the single button cells made with 
different oxygen electrodes operating under SOFC mode.  Current density (CD) and 
power density (PD) values of all three cells are summarized in Table 4.2.  The open 
circuit voltage (OCV) values (1.12 and 1.10 V at 97% H2 -3% H2O fuel concentration) 
are close to the theoretical values indicating good sealing and a dense electrolyte.  The 
LNO-LDC50 cell shows the best performance among all three cells, and both the LNO-






CD at 0.7V 
(A.cm-2) 
PD at 0.7V 
(W.cm-2) 
LSM-YSZ 1.12 0.51 0.36 
LNO-LDC50 1.10 1.68 1.18 
NNO-NDC50 1.12 1.16 0.81 
Table 4.2- The current density (CD) and power density (PD) values of LSM-YSZ, LNO-
LDC50 and NNO-NDC50 cells measured at 800°C with humidified hydrogen (97% H2-3% 






















































Figure 4.7- Voltage and power density curves as a function of current density of a LSM-
YSZ, LNO-LDC50 and NNO-NDC50 cells measured at 800°C with humidified hydrogen 
(97% H2-3% H2O) as fuel and air as oxidant in SOFC mode. (LSM-YSZ cell performance 
data obtained by work from Zhu et al. [67]) 
 
The performance of the composite LNO cathode is better than the performance of 
the single phase LNO cathode which reached a power density in air of 0.68 W.cm-2 at 0.7 
V and 800°C.  Similarly the performance of the composite NNO cathode is better than the 
performance as found by Li et al. [71] who obtained a power density of 530 mW.cm-2 at 
0.7 V and 800°C for a cobalt doped NNO with the cobalt doped NNO slightly 
outperforming single phase NNO.  This could be due to the addition of the ceria phase in 
the electrode.  Similar observations by Li et al. show that the addition of 20 mol% GDC 
(GDC20) to NNO increased power densities in SOFC mode [72]. In their work, the best 




620 mW.cm-2 at 800°C at a voltage of 0.7 V and had a polarization resistance of 0.302 
Ω.cm2 [72].  However, after a short-term durability test, the cell performance started to 
degrade by 3.8% after 66 hours. Li et al. proposed that the reason for degradation was the 
CTE mismatch between the oxygen electrode and the current collector layer which 
caused cracking and delamination of the oxygen electrode.  However, it is highly likely 
based on the current work as shown in Chapter 2, that this could be exacerbated due to 
the chemical instabilities between the nickelate and the GDC20 and the ensuing 
decomposition of the rare-earth nickelate.  Laberty et al. also showed the advantage of a 
composite cathode.  They reported a maximum power density at 800°C of 0.3 W.cm-2 for 
a cell with a LNO active layer and La0.7Sr0.3CoO3 (LSC) current collecting layer in 
comparison to the maximum power density of 2.2 W.cm-2 for a cell with a mixed LNO- 
20 mol% SDC active layer with a LSC barrier layer [25].  While Laberty et al.’s work 
[25] shows an initial advantage due to the addition of doped-ceria, based on our work it is 
critically important to ensure compositional stability of the cathode to retain the high 
performance over long periods of time.  The current work describes a strategy to exploit 
the high performance of the nickelates and suppress degradation due to compositional 
changes.   
4.4 Conclusions 
 Full anode supported cells were tested with both single phase LNO and composite 
nickelate-doped ceria cathodes.  Initial results show that single phase LNO cathodes are 
limited by cathodic activation polarization which decreases with increasing oxygen 




doped ceria cathodes with a dopant concentration close to the solubility limit.  The LNO-
LDC50 cathode had the highest power density at 0.7 V and 800°C in air of 1.18 W.cm-2 
which was almost two times higher than the single phase nickelate cell.  The LNO-
LDC50 cell also outperformed the NNO-NDC50 and the LSM-YSZ cell.  Additionally, 
these nickelate-50 mol% rare-earth doped ceria cathodes have the advantage of long term 
chemical stability as shown in Chapter 2.  Therefore this high performance should be 




5. ELECTRICAL CONDUCTIVITY RELAXATION (ECR) STUDY OF 




The chemical oxygen surface exchange coefficient (kchem) and oxygen diffusion 
coefficient (Dchem) of lanthanum nickelate La2NiO4+δ (LNO) and neodymium nickelate 
Nd2NiO4+δ (NNO) are reported as determined by electrical conductivity relaxation (ECR) 
experiments.  Experimental results are presented from both porous and dense 
conductivity bars from 600 to 800°C.  Additionally, ECR results on dense bars with 
porous coatings are presented.  The results from dense bars show that the surface 
exchange coefficient of NNO is consistently smaller than that of LNO.  ECR experiments 
of porous bars find surface exchange coefficients which are one order of magnitude lower 
or equal to the surface exchange coefficient as found using dense bars but similar to 
results found in literature of thin films.  However, the porous bars show no differences 
between LNO and NNO.  Both dense and porous bars show a difference between 
oxidation and reduction transients with oxidation transients being faster than reduction 
transients.  Overall this study shows the importance of microstructure when determining 
both oxygen surface exchange and diffusion coefficients with porous bars being the 










Solid oxide fuel cells (SOFCs) and solid oxide electrolysis cells (SOECs) are 
highly efficient  electrochemical conversion devices that have a low environmental 
impact due to their use of clean energy fuels [1].  A recent development goal includes 
lowering the operation temperature which requires the development of oxygen electrode 
materials with lower polarization resistances.  Rare-earth nickelate oxygen electrodes 
such as lanthanum nickelate, La2NiO4+δ (LNO), and neodymium nickelate, Nd2NiO4+δ 
(NNO) have recently attracted a lot of interest due to their favorable properties such as 
high conductivities and high oxygen surface exchange coefficients [7,8].   
Electrical conductivity relaxation (ECR) [73–79] is a common method for 
determining surface exchange coefficients along with the use of secondary ion mass 
spectroscopy (SIMS)[7,8,80–82].  Typically, ECR and SIMs experimental data sets are 
fit using models that include both surface exchange and oxygen diffusion coefficients as 
fitting parameters.  However, fitting two parameters with one data set can be complicated 
and lead to a wide range of surface exchange values depending on measurement 
technique and sample microstructure.  For example, Boehm et al. found the surface 
exchange coefficients of LNO and NNO by SIMs which range from 1x10-6 to 4x10-6 
cm.s-1 from 600-800°C for LNO and 1x10-7 to 1x10-6 cm.s-1 from 600-800°C for NNO 
[7,8].  However, Ananyev et al. compiled data from multiple sources on the surface 
exchange coefficient of LNO and found relatively large scatter in the data;  for example, 
the oxygen surface exchange coefficient at 600°C ranged from approximately 2x10-6 




for the oxygen diffusion coefficient [83].  The differences were attributed to different 
materials synthesis approaches, surface preparation techniques, differences in 
microstructure and small deviations from cation composition.  Other researchers such as 
Cox-Galhotra et al. concluded  that the discrepancies are also attributed to the low 
reliability of the commonly utilized two-parameter fit procedure which seeks to 
simultaneously determine the oxygen surface exchange coefficient and the diffusion 
coefficient from a single measurement [84]. They found that the value of the oxygen 
surface exchange coefficient varied by almost one order of magnitude solely depending 
on the number of terms chosen while the fit quality stayed consistent.  However, they 
also stated that, although they could not obtain reliable values for the surface exchange 
coefficient and the diffusion coefficient, the data trends could still be studied for samples 
that are analyzed consistently. 
Commonly both SIMS and ECR measurements are performed on dense sample 
materials which requires the use of a model that includes both the oxygen exchange 
coefficient and the diffusion coefficient.  The typical model for normalized conductivity 



































Where 𝐿𝑥 = 𝑙𝑥𝑘𝑐ℎ𝑒𝑚 𝐷𝑐ℎ𝑒𝑚⁄ , 𝐿𝑦 = 𝑙𝑦𝑘𝑐ℎ𝑒𝑚 𝐷𝑐ℎ𝑒𝑚⁄ , the βs are the positive roots 
of the equation 𝛽𝑖tan𝛽𝑖 =  𝐿𝑖, with 𝑖 = 𝑥, 𝑦 and 2𝑙𝑥, 2𝑙𝑦 are the cross sectional 




exchange coefficient (𝑘𝑐ℎ𝑒𝑚) and the chemical oxygen diffusion coefficient (𝐷𝑐ℎ𝑒𝑚) 
because both diffusion and surface exchange are occurring serially in the bar and lead to 
a change in the materials’ electrical conductivity.   Note that this equation was only used 
for oxidizing transients that went from low to high conductivity.  Conversely, for 



































The electrical conductivity of a complex oxide is controlled by its point defect 
concentrations. In nickelates the primary defects are oxygen interstitials and holes, which 
vary as a function of oxygen partial pressure and temperature.  When the oxygen 
concentration surrounding a material is abruptly changed, at a fixed temperature, the 
defect concentrations slowly change to their new equilibrium values.  In a simplified 
model, first the oxygen is absorbed onto the materials surface, followed by electronation 
and incorporation into the material [40].  Since this process occurs over time until an 
equilibrium is reached, it leads to an electrical conductivity transient.  The  time for 
equilibration depends on the material’s oxygen diffusion coefficient (cm2/s) and oxygen 
surface exchange coefficient (cm/s). The ratio of the two is a parameter of length 
dimension and is referred to as a critical length (𝑙𝑐).   If the sample dimension over which 
oxygen transport occurs in the material is much greater than the critical length, bulk 
diffusion is the rate limiting step and if it is much less than the critical length, surface 




between these extremes, i.e. when it is comparable to the critical length, the ECR process 
is rate-controlled by both diffusion and surface exchange.  When the surface exchange is 
the rate limiting step, i.e. when the sample dimensions are much smaller than the critical 
length, the transient no longer depends on the oxygen diffusion coefficient, and Equations 
5.1 and 5.2 can be simplified to Equations 5.3 and 5.4 below where L is the grain size of 




= 1 − exp (
−𝑘𝑐ℎ𝑒𝑚𝑡
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) (Eq 5.4) 
 
 
To achieve the conditions under which these simplifications can be made, 
researchers often use thin film samples to reduce the diffusion distances [87–92].  For 
example, Guan et al. determined the surface exchange coefficient of LNO at 700°C using 
a 5-10 µm LNO thin film to be on the order of 10-5 cm.s-1 using a reduction transient [91].   
However, other researchers who studied thin films have found better model fits when 
assuming that the ECR process was actually controlled by two different oxygen exchange 
coefficients [88–90,92].  Kim et al. studied LNO thin films and proposed that this was 
due to different surface properties arising from different planar orientations [88].  For 
example, if the surface was terminated by a (001) plane which contains no oxygen 
interstitial sites, then the oxygen exchange on this surface is not favored.  However, the 
interstitial oxygen sites are exposed on (110) and (100) surfaces, providing active sites 




properties using thin films complicated because thin films are difficult to fabricate, often 
have preferential growth directions, and are not representative of real porous electrodes.  
There are many advantages to using porous conductivity bars.  Some of these 
include more crystal planes being sampled in the ECR experiment, greatly decreased 
diffusion distances on the order of the grain size of the sample (a few microns), and 
higher surface area for exchange reactions.  Previous studies have used porous bars to 
determine the exchange kinetics of proton conducting perovskites and mixed ionic and 
electronic conducting membranes [77,86,93].  Porous bars are also more representative of 
standard oxygen electrode microstructure which have an average porosity of 30% with an 
average grain size around 2 µm, and are easy to fabricate.    
We report the chemical oxygen surface exchange coefficient (kchem) and chemical 
oxygen diffusion coefficient (Dchem) of both lanthanum nickelate La2NiO4+δ (LNO), and 
neodymium nickelate, Nd2NiO4+δ (NNO) oxygen electrode materials using three different 
ECR samples and methods.  The first method is a standard ECR experiment employing a 
dense conductivity bar to determine kchem and Dchem.  The second uses porous 
conductivity bars to limit diffusion lengths to push the experimental conditions to an 
oxygen surface exchange limiting regime.  The final method involves coating dense 
conductivity bars with porous coatings in an effort to enhance their oxygen surface 
exchange.  These measurements all provide insight about how surface exchange depends 






5.3 Experimental Procedure 
 
Lanthanum nickelate, La2NiO4+δ (LNO), and neodymium nickelate, Nd2NiO4+δ 
(NNO) oxygen electrode materials were synthesized by the solid-state synthesis method.  
Starting precursor materials were the constituent oxides (La2O3, Nd2O3, and NiO).  The 
oxides were mixed in stoichiometric ratios and were calcined at 1200°C for 4 h.  The 
nickelate powders were analyzed by X-ray diffraction (Bruker D8 Discover) to confirm 
synthesis.  The nickelate powders were then mixed with varying amounts of carbon black 
and pressed into bars using a uniaxial press.  Three types of bars were made, fully dense 
bars, porous bars with approximately 38% porosity, and fully dense bars with a porous 
coating. The porous bars were sintered at 1225°C  and the dense bars were sintered at 
1350°C. The porosity was measured by SEM (Zeiss Supra 55).  Some dense bars were 
then coated with a porous coating.  The coatings were applied by dipping the bars into a 
nickelate ink made of nickelate powder, alpha terpineol (Alfa Aesar, USA) and V6 binder 
(Heraeus, USA).  After dip-coating, the bars were hung vertically and dried with a heat 
gun.  The bars were flipped and recoated  three times for a total of four coatings per bar.  
The coated bars were then heat treated at 1225°C for 2 h again to sinter the porous 
coating.   
Silver wires were attached to the conductivity bar for four probe conductivity 
measurements and placed inside a sealed alumina crucible with oxidant input and output 
tubes. The oxidant flow rate was 1000 ml.min-1 and the chamber volume was 
approximately 7 ml.  Therefore, the chamber refreshed in less than half a second.  The 




used was a PARSTAT 4000.     ECR experiments were performed at 800°C, 700°C, and 
600°C.  At each fixed temperature, the conductivity was measured as a function of time 
after making a step change in the oxygen partial pressure in the surrounding atmosphere; 
i.e. the sample was first equilibrated at an oxygen partial pressure of pO2(1) at a fixed 
current with an equilibrium conductivity of σ(1), and subsequently the oxygen partial 
pressure was abruptly changed to pO2(2) with an equilibrium conductivity of σ(2).  
During this step change in pO2, the electrical conductivity transient from σ(1) to σ(2) was 
recorded.  The surface reaction is assumed to be of linear-type kinetics i.e., it proceeds at 
a rate proportional to the difference between the actual surface concentration and the 
concentration in the surrounding atmosphere [94].  It should be noted that Wang et al. 
concluded that pO2(1)/pO2(2) should be less than 20 to ensure this assumption is valid 
[75].  However, other researchers noted that the step change in oxygen partial pressure 
from pO2(1) and pO2(2) should be within one order of magnitude, such that the carrier 
mobility remains constant [87,94].  Therefore, the transients measured in this work 
include 1-10%, 10-100%, 5-21%, and 21-100% oxygen, balance nitrogen. The transients 
were measured in both oxidizing and reducing directions, i.e. with pO2(1) < pO2(2) and 




X-ray diffraction was used to confirm synthesis of both LNO and NNO powders.  
The LNO crystallized in the tetragonal structure while NNO formed in the orthorhombic 




determine porosity.  Three types of bars were fabricated, dense, porous and dense bars 
with a porous coating.  The dense bars are representative of typical conductivity bars 
which are commonly used in ECR testing with average densities of 94% and 96% dense 
for LNO and NNO respectively.  The porous bars have porosities of 39% and 37% for 
LNO and NNO, respectively as seen in Figure 5.1. Their microstructures are typical of 
oxygen electrodes in SOFCs and SOECs.  The average grain size of the porous bars is 5 
µm. The coated bars were made from dense NNO bars and had a porous NNO coating.  
The coating thickness was 15 µm with a porosity of 45% as seen in Figure 5.2.   
 
Figure 5.1- SEM images of dense and porous ECR bars of LNO and NNO 
 




5.4.1 ECR Results of Dense vs. Porous Bars 
 
Initial testing was performed on dense conductivity bars.  The conductivity 
transients for dense LNO from 600°C to 800°C can be seen in Figure 5.3a undergoing a 
transition from 1-10% oxygen, balance nitrogen.  The results show that as the 
temperature decreases, the conductivity transients become slower; a similar trend was 
seen for the NNO sample as shown in Figure 5.4.  However, when using porous bars, the 
conductivity transients do not change with temperature as can be seen in Figure 5.3b for 
the 1-10% oxygen transient of a porous LNO bar from 600-800°C.  A similar observation 
was made using porous NNO bars.  Additionally, the electrical conductivity transients of 
porous bars are faster than the transients of dense bars. This is expected because in 
porous bars, transients are controlled primarily by the oxygen surface exchange 
coefficient which depends on the surface area.  The surface area increases with increasing 
porosity.  Meanwhile the transients of dense bars depends on both the oxygen surface 








Figure 5.3- ECR transients from 1-10% oxygen, balance nitrogen for a) dense LNO and b) 





Figure 5.4- ECR transients for dense NNO going from 1-10% oxygen, balance nitrogen as a 
function of temperature at 600°C (♦), 700°C (●) and 800°C (▲) 
 
Figure 5.5a shows the transients for both dense LNO and NNO at 700°C during a 
transient from 1-10% oxygen in both the oxidizing and reducing directions.  It can be 
seen that the NNO transients are slower than the LNO transients.  A close examination of 
the transients reveals that the oxidizing transient (1-10% oxygen) is faster than the 
reducing transient (10-1% oxygen). This difference between oxidizing and reducing 
transients is even more obvious in porous bars as seen in Figure 5.5b.  However, in 
contrast to the dense bars, porous conductivity bars show little difference between LNO 





Figure 5.5- ECR transients at 700°C from 1-10% oxygen, balance nitrogen, in both 
oxidizing and reducing directions for a) dense LNO (●) and NNO (▲) in comparison to b) 
porous LNO (●) and NNO (▲) 
 
Figure 5.6 show conductivity transients for dense LNO at 800°C under various 
oxygen partial pressure transients in the reducing direction.  It can be seen that the speed 
of the transient is dependent on the oxidant composition.  Similar trends with oxygen 
partial pressure were seen with dense NNO bars and with porous LNO and NNO bars in 




values which correspond to each oxidant transient will refer to the average of pO2(1) and 
pO2(2) [93,94].  The higher the average partial pressure of the oxygen transient, the faster 
the conductivity transient. However, some researchers have found that the surface 
exchange coefficient depends only on pO2(2) and have therefore associated the kchem 
value obtained through ECR with pO2(2) instead of the average pO2 [75,76,95].  This 
approach was not used in this paper due to the transient differences observed between the 
oxidation transients from 21-100% and 10-100% oxygen.   
 
Figure 5.6- ECR transients for dense LNO at 800°C during various oxygen reduction 
transients; 10-1% oxygen (■), 21-5% oxygen (♦), 100-10% oxygen (●), 100-21% oxygen (▲) 
(all balance nitrogen) 
 
The dense bars were all modeled using Equations 5.1 and 5.2 and modified open 
source MATLAB code (ECRTOOLS) [96].  The number of terms used for the 
summation was truncated when the last term was less than 10-10.  The porous bars were 




diffusion length is much less than the critical length which implies that the transient is 
controlled only by the surface exchange coefficient.  An example model fit for both 
porous and dense LNO and NNO can be seen in Figure 5.7-5.8 and the results for kchem 
and Dchem as a function of oxygen partial pressure can be seen in Figure 5.9 for dense 
LNO and NNO and Figure 5.10 for porous LNO and NNO.   
 
Figure 5.7-  ECR transient of dense and porous LNO from 1-10% oxygen, balance nitrogen 
at 800°C fit using Equations 5.1 and 5.3 (model fits shown in black).  Error calculated as 
100x the difference between the experimental data and model fit. 
 
 
Figure 5.8-  ECR transient of dense and porous NNO from 1-10% oxygen, balance nitrogen, 
at 800°C fit using Equations 5.1 and 5.3 (model fits shown in black). Error calculated as 





Figure 5.9- Oxygen surface exchange coefficient and diffusion coefficient as a function of 
oxygen partial pressure for a) dense LNO and b) dense NNO at 600°C (■), 700°C (●), and 
800°C(▲). Open symbols and dashed lines for reduction, closed symbols and solid lines for 




Figure 5.10- Oxygen surface exchange coefficient of a) porous NNO and b) porous LNO as a 
function of partial pressure from 600-800°C in both the oxidizing and reducing directions at 
600°C (■), 700°C (●), and 800°C(▲). Open symbols and dashed lines for reduction, closed 





The surface exchange coefficient of dense NNO is consistently smaller than for 
dense LNO as can be seen numerically in Table 5.1 which contains the ECR data from an 
oxidant transient of 1–10% oxygen, balance nitrogen. The differences in the surface 
exchange coefficient between dense LNO and NNO are the largest at 600°C.  However, 
the surface exchange coefficient as obtained by modeling transients from porous LNO 
and NNO show no differences between the two materials as seen in Figure 5.10. The 
diffusion coefficients for dense LNO and NNO are on the same order of magnitude of 10-

























1.7x10-4 3.4x10-7 1.7x10-4 
600°C 3.0x10-4 1.1x10-6 9.4x10-8 [98] 2.5x10-5 1.2x10-7 4.7x10-6 
D  
(cm2.s-1) 







1.7x10-6 4.5x10-8 7.0x10-7 
600°C 8.5x10-7 1.5x10-8 3.4x10-6 [98] 6.9x10-7 2.0x10-8 4.1x10-8 
* La2Ni0.9Cu0.1O4+δ (21–100%) 
**21–100% 
Table 5.1- Comparison of surface exchange coefficient (k) and diffusion coefficient (D) for 
dense LNO and NNO using ECR to literature values obtained by both SIMS and dense 
ECR.  Literature values obtained from references as noted.   
 
5.4.2 ECR of Dense Conductivity Bars with Porous Coating 
The addition of the coating reduced the overall transient time as can be seen in 




shown in Figure 5.12 in comparison to dense NNO bars with no coating.  It can be seen 
that surface exchange coefficient is consistently higher for the coated bar than the uncoated 
bar at both 700°C and 800°C while the bulk diffusion remained relatively unchanged with 
coating. 
 
Figure 5.11- ECR transient of a dense NNO bar (▲) in comparison to a dense NNO bar 
coated with a layer of porous NNO (●) during a transition from 1–10% oxygen, balance 
nitrogen, in both the oxidizing and reducing directions  
 
 
Figure 5.12-  Oxygen surface exchange coefficient as a function of oxygen partial pressure 
for a dense NNO bar in comparison to a dense NNO bar with a porous NNO coating during 
transients at 700°C (●) and 800°C (▲) in both the a) oxidizing and b) reducing directions. 





5.4.3 Sources of Error 
It should be noted that the model fits for both dense and porous samples were not 
perfect.  For example, the apparent step-wise nature of the transients, which is more 
pronounced in dense NNO samples especially at low temperatures, made modeling more 
difficult.  This step-wise nature was due to limitations in the potentiostat.  The 
potentiostat works by trying to find a stable voltage for the given applied current and the 
voltage resolution is 0.3 mV.  Therefore, if the equilibrium voltage difference between 
the two oxygen partial pressures was small then the potentiostat would reach its 
resolution limit.   
Also, it can be seen in Figure 5.13 that the fit at short times for dense samples is 
poor but it improves after approximately 5 seconds.  This is probably due to experimental 
design.  When switching gas composition there is a small but finite chamber fill time of 
less than half a second.  This time is short in comparison to the total transient time, but it 
affects the chosen starting point of the transient.  For the dense bars in this work the 
starting point, σ(0), was chosen as the equilibrium conductivity at the starting partial 
pressure.  This means that the conductivity transient includes the half a second chamber 
fill time.  If instead σ(0) was chosen as the starting conductivity when the chamber was 
filled with the new composition (in other words at a time of t = 0.5 s), the fit would 
improve.  This second approach was used for the porous bars because their shorter 





Figure 5.13- ECR transient fit with Equation 5.1 at short times for a dense LNO bar during 
a transient from 1-10% oxygen, balance nitrogen, at 800°C. 
 
For porous bars, it can be seen that experimental transient is initially faster and 
then slower than expected by the exponential model as seen in Figure 5.14.  It should be 
noted that this fit is identical to the fit when modeled with Equations 5.1 and 5.2.  This 
again could be due in part to the initial chamber fill time.  Here the starting conductivity 
was chosen as the conductivity when the chamber was theoretically filled with the new 
composition.  In other words the starting point was chosen to be half a second after the 
conductivity started changing.  This did improve fitting but differences in the 





Figure 5.14-  ECR transient fit with Equation 5.3 for porous LNO bar during a transient 
from 1-10% oxygen, balance nitrogen, at 800°C 
Another possible source of error could be the gas flow rate.  When changing from 
one gas to another there is a finite time before the flow rate equilibrates back to the set 
value of 1000 cc.min-1.  Usually the flow rate briefly increases by a maximum of 50 
cc.min-1 before equilibrating which could lead to a higher initial amount of available 
oxygen.  This could explain why the transition starts out fast but then slows down.  This 
issue was not seen in the dense samples because the transition time for dense samples 






5.5.1 Comparison to Literature  
 
A previous study on a dense ECR bar of LNO has be done by Gómez et al. [98] 
and a comparison to this study can be seen in Table 5.1.  The surface exchange 
coefficient of dense LNO from this work at 800°C is only one order of magnitude larger 
than literature while the difference increases as the temperature decreases. However, the 
diffusion coefficient of dense LNO is one order of magnitude smaller than literature 
values. A similar composition of La2Ni0.9Cu0.1O4+δ was analyzed by Li et al. [79].  They 
found the surface exchange at 700°C for a step change of 21-100% oxygen and the 
results are also listed in Table 5.1.  The exchange coefficient is one order of magnitude 
smaller than found in this study for dense LNO for the same transition at 700°C.  It 
should be noted that analysis of porous conductivity bars finds a k value with a similar 
order of magnitude to Li et al. (6.5 x 10-4 cm.s-1).  However, the value of the diffusion 
coefficient found by Li et al. is two orders of magnitude higher than that obtained on the 
dense bar in this study.  
Dense NNO bars have been previously studied by Egger et al. and a comparison 
between the two studies can be seen in Table 5.1 [97].  The values from Egger et al. are 
either off by one order of magnitude or equal to the results obtained in this study for both 
the surface exchange coefficient and the diffusion coefficient of dense NNO.   
NNO and LNO results are also compared to values as obtained by SIMS.  This 




exchange coefficient and the diffusion coefficient as obtained from work by Boehm et al. 
for both LNO and NNO [7,8].  It can be seen that the surface exchange coefficients 
obtained on dense ECR bars are approximately two to three orders of magnitude higher 
than those obtained by SIMS and the diffusion coefficients are approximately one to two 
orders of magnitude higher for ECR than SIMS.  This is because the values determined 
by SIMS are the self-diffusion (𝐷𝑜
∗) and surface exchange coefficients (𝑘𝑒𝑥) which differ 
from the chemical diffusion coefficient and chemical surface exchange coefficient by a 
thermodynamic factor (𝛾) according to the Equations 5.5 and 5.6 below [82,99]. 
 
 𝐷𝑐ℎ𝑒𝑚 =  𝛾 ×  𝐷𝑜
∗ (Eq 5.5) 
 
 𝑘𝑐ℎ𝑒𝑚 =  𝛾 ×  𝑘𝑒𝑥 (Eq 5.6) 
 
The thermodynamic factor is determined by Equation 5.7 where 𝑐𝑂 is the molar 
concentration of oxygen ions and for nickelates 𝑐𝑂is related to δ, the oxygen hyper-
stoichiometry [35,97]. 
 








 (Eq 5.7) 
 
Mauvy et al. proved the validity of this relationship for the diffusion coefficient by 
independently measuring Dchem, 𝐷𝑜
∗ and 𝑐𝑂 using ECR, SIMS, and thermogravimetric 
analysis (TGA) respectively for La2Cu0.5Ni0.5O4+δ [82].  However, the relationship 




kex, obtained by calculation from kchem using a thermodynamic factor, were larger by a 
factor of 2.6 to values obtained experimentally using isotope exchange depth profiling 
(IEDP) [75].   Precise determination of the thermodynamic factor for LNO and NNO is 
not undertaken in this work as it would require a more detailed knowledge of the point 
defect thermodynamics.   
The exchange coefficients of porous LNO and NNO range from 10-5 cm.s-1 to 10-4 
cm.s-1 from low to high oxygen partial pressure. These values are about one order of 
magnitude lower or equal to the surface exchange coefficient as found using dense bars.  
This finding is similar to findings by other researchers who studied the kinetics of thin 
films and found that the surface exchange coefficient was low in comparison to bulk 
samples [87,88,90,95].  It is also important to note that these values are close to results 
obtained by Guan et al. of LNO thin films who found that the surface exchange 
coefficient was on the order of 10-5 cm.s-1 during a reduction transient [91].  However, 
other researchers who studied LNO thin films used a different model which involved two 
surface exchange coefficients to account for anisotropic behavior of the film [88,90].  
This model was attempted for this study but the fits were no better than the one parameter 
fit presented here.  This indicates that there is no noticeable anisotropic behavior in 
porous samples which makes them more useful in determining bulk properties of 
electrodes than thin films.  
Therefore, the use of porous samples is justified, because although the surface 
exchange coefficients are one order of magnitude different than bulk samples, they are 




multiple crystal facets, as would be the case in a realistic porous electrode.   
The current ECR from porous bars are also unique in that they do not show 
differences between LNO and NNO.  This is interesting because oxygen electrodes have 
porous microstructures and performance differences between LNO and NNO oxygen 
electrodes are noticed [32].  However, these differences might not be caused by their 
surface exchange kinetics but by other processes at electrode-barrier layer or barrier 
layer-electrolyte interfaces.  Further, the normalized conductivity transients from porous 
bars show little change with temperature.  This implies that the surface exchange 
coefficients are large enough in these nickelate materials that the transients are very fast 
in porous materials, no matter the temperature.  Again these porous bars have similar 
microstructures to porous oxygen electrodes so understanding their kinetics is critical to 
understanding electrode performance. 
5.5.2 Effect of Temperature 
 
As seen in Figure 5.3, temperature influences the conductivity transient of dense 
samples but not of porous samples.  When the dense samples are modeled with Equations 
5.1 and 5.2, this leads to the apparent trend of both the oxygen surface exchange 
coefficient and the oxygen diffusion coefficient increasing as a function of temperature.  
However, dense bars’ transients are more dependent on the oxygen diffusion coefficient 
and less sensitive to changes in the surface exchange coefficient as evidenced by the 
critical length.  For example, using the values of kchem and Dchem found using the two 




mm.  However, the diffusion length of the dense bars is this study is approximately 2 mm 
which almost two orders of magnitude larger than the critical length.  This means the 
transients are in a diffusion limiting regime.  Meanwhile, the diffusion length of the 
porous bars is on the order of their grain size (0.005 mm) which places them in a surface 
exchange limiting regime.  Therefore, porous bars should be more sensitive to changes in 
the oxygen surface exchange coefficient.  However, no changes in the oxygen surface 
exchange coefficient with temperature were observed.  Therefore, the changes with 
temperature of the exchange coefficient observed in the dense bars are probably from 
errors in the two parameter fitting procedure instead of actual changes with temperature.  
A second potential source of error is that dense samples are likely never truly equilibrated 
at the two end states in the ECR experiments. As stated previously, Cox-Galhortra 
concluded that the numerical values of kchem and Dchem resulting from the simultaneous fit 
of both parameters are unreliable, with the value of kchem sometimes off by a full order of 
magnitude depending on the number of roots used [84].  Therefore, simplifying the 
analysis to a one-parameter fit by using samples in a surface exchange limiting regime, 
i.e. thin films or preferably porous samples is critical for determining accurate trends in 
surface exchange coefficients.   
 
5.5.3 Oxidizing vs. reducing transients  
 
As seen in Figure 5.5, the oxidizing transients were faster than the reducing 




in porous samples.  A similar observation was seen by other researchers when analyzing 
dense ECR bars but it is not always the case.  For example, Wang et al. reported seeing 
differences in the oxidizing and reducing directions for La0.5Sr0.5CoO3-δ (LSC) [75].  
Similarly, Mauvy et al. and Kim et al. observed differences in the oxidizing and reducing 
transients of dense La2Cu0.5Ni0.5O4+δ ECR bars and LNO thin films respectively [82,88].  
However, Garcia et al. noticed no differences between oxidation and reduction for LNO 
thin films [90].  It is probable that differences in material preparation and composition 
can account for these differences as observed in the dense versus porous samples in this 
study.  This is of particular interest because porous bars are the most similar in 
microstructure to SOFC and SOEC oxygen electrodes.  During SOFC operation the 
oxygen electrodes undergo reduction while during SOEC operation they undergo 
oxidation, compared to their state at open circuit.  Therefore, because the oxidation of 
porous bars occurs faster than reduction, it is likely these materials would make 
especially good SOEC electrodes.   
 
5.5.4 Effect of pO2 
 
The surface exchange coefficient for porous and dense LNO and NNO increases 
as oxygen partial pressure increases and is proportional to pO2
n as seen in Figures 5.9 and 
5.10.  The values of n ranges from 0.7 to 1.2 for dense LNO and from 0.6 to 0.8 for dense 
NNO depending on the temperature and direction of the oxygen transient.  However, the 




to 0.63 for porous NNO and from 0.61 to 0.64 for porous LNO.  The value of n is more 
consistent in the porous samples than it was for the dense samples.  This is because the 
effects from diffusion were eliminated by using a porous bar.  This allowed for more 
precise determination of the surface exchange coefficient without interference from 
diffusion.  This is the biggest advantage of using a porous bar.  When porous bars are 
used, any diffusion process in series with surface exchange will be predominantly 
through the pores, since pore diffusion is many orders of magnitude larger than diffusion 
through the solid.  Further, it is known from kinetic theory of gases that the binary 
diffusivity of gases at low densities (atmospheric pressure) is independent of gas 
composition over a large range of compositions [100,101]. Thus, variations in transients 
as a function of oxygen partial pressures in porous samples can be unambiguously 
attributed to surface exchange coefficients. 
The n value for porous LNO is similar to the value obtained by Guan et al. on 
LNO thin films of n = 0.66 at 700°C [91].  It is interesting to note that these values are all 
higher than the n values obtained in literature for La0.8Sr0.2MnO3 (LSM), 
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), and La0.5Sr0.5CoO3-δ (LSC).  For LSCF, Lane et al. report 
a value of n = 0.56 and Cox-Galhotra et al. report a value of n = 0.5 both at 800°C 
[76,84].  Chen et al. report a value of n = 0.3 for LSC at 700°C and la O’ et al. report a 
value of 0.28 for LSM at 750°C [95,102].  All three of these materials have oxygen 
vacancies as their primary ionic point defect.  As the partial pressure of oxygen increases, 
the concentration of vacancies decreases.  However, the primary ionic point defect in 




pressure.  While the surface exchange coefficient is not simply a function of the point 
defect concentrations,  having a point defect structure in which the concentration of the 
dominant ionic point defect increases with increasing oxygen partial pressure does seem 
to make the surface exchange coefficient more sensitive to the oxygen partial pressure.  
This is consistent with the hypothesis by ten Elshof et al. that values of n which are 
greater than or equal to 0.5 indicate the involvement of molecular oxygen,  mediated 
through oxygen ionic point defects in the rate determining step of the surface reaction 
[103].   
The diffusion coefficient of dense LNO and NNO also increases as oxygen partial 
pressure increases and is proportional to pO2
n as seen in Figure 5.9 but the effect of pO2 
is much weaker.  Other researchers notice similar trends in the diffusion coefficient using 
ECR [76,104], while most observe a constant diffusion coefficient with pO2 
[75,83,103,105,106].  This latter observation is consistent with the values of Dchem during 
oxidation of NNO which are almost constant with pO2.  A change in the value of Dchem 
with pO2 would imply a change in the materials structure.  Therefore it is possible that the 
apparent trend in pO2 for LNO is just within the error as caused by the two parameter 
fitting procedure.  
 
5.5.5 Effect of Porous Coating 
 
Porous coatings were applied to dense bars in order to further understand the role 




surface exchange catalysts and their effect on the surface exchange of mixed ionic and 
electronic (MIEC) materials [107]. It was shown that a porous surface coating of Ni and 
gadolinium doped ceria (GDC) enhanced the surface exchange of composite GDC-
Gd0.08Sr0.88Ti0.95Al0.05O3±δ (GSTA) while the diffusion coefficient remained relatively 
unchanged [107].  Similarly Wang et al. studied the effect of yttria stabilized zirconia 
(YSZ) and samarium doped ceria (SDC) coatings on lanthanum strontium manganite 
ECR bars [78].  They found an increase in the surface exchange coefficient while the 
diffusion coefficient remained constant.  An analogous finding was observed for dense 
NNO bars coated with a porous NNO layer in this study. 
The porous coating helps to increase surface exchange by increasing the amount 
of available surface area and this reduces the overall transient time.  This effect becomes 
even more pronounced at lower temperatures.  The surface exchange coefficient is 
consistently higher for the coated bar than the uncoated bar.  It can also be seen that the 
diffusion coefficient is more scattered but its magnitude remains close to the diffusion 
coefficients of the dense uncoated bars.  Therefore, a porous coating can enhance the 




This work shows the importance of microstructure when determining oxygen 
surface exchange and diffusion coefficients.  When analyzing dense ECR bars, NNO 




analyzing porous bars, the surface exchange coefficient is one order of magnitude lower 
or equal to that obtained on dense bars but similar to values found in literature for thin 
films.  Also porous bars show there is no difference in the oxygen exchange kinetics 
between the LNO and NNO or with changes in temperature.  This is important because 
realistic oxygen electrodes are porous.  Therefore, surface exchange and diffusion 
coefficients found on porous bars may be more useful when analyzing cell performance 
results to independently evaluate the role of oxygen surface exchange in electrode 
reactions.  Similarly, it is shown that the addition of a porous layer onto a dense bar 
enhances the surface exchange reaction of NNO.  Additionally, the current work shows 
that the oxygen surface exchange kinetics in rare-earth nickelates are faster in the 
oxidizing than the reducing direction.  While this observation was seen in the dense bars, 
it was more dramatic in the porous bars.  This implies that nickelates could make 







The work presented in this dissertation has analyzed the stability and performance 
of lanthanum nickelate (LNO) and neodymium nickelate (NNO) for use as oxygen 
electrodes in SOFCs or SOECs.  The first challenge for nickelate electrodes is stability.  
Nickelates are known to be unstable in contact with both YSZ and 10-20 mol% rare-earth 
doped ceria which are commonly used as electrolyte and barrier layer respectively.  
Therefore, Chapter 2 focused on stability issues between nickelates and doped cerias.  
The stability was assessed at both sintering and operation temperature on both powders 
and screen-printed electrodes.  The results confirmed literature reports on instabilities 
between LNO and NNO in contact with doped ceria at sintering temperature.  The 
nickelates decomposed into their precursor oxides when in contact with 10 mol% 
gadolinium doped ceria (GDC10) even when annealed at 1225°C for as little as 2 h.  It 
also confirmed that stabilization is possible by increasing the mol% of rare-earth dopant 
in the ceria.  Once the dopant concentration reaches the solubility limit in ceria then there 
is no driving force for nickelate decomposition. While the high temperature instability 
was known before, this study also showed that there is no further decomposition at 800°C 
for at least 150 h.  Therefore, in subsequent work, 50 mol% rare-earth doped cerias were 
used in composite nickelate-ceria electrodes to ensure the stability of the nickelate phase 
during electrode sintering. 
Chapter 3 showed the performance of these composite electrodes by using 




cells with both 10 mol% rare-earth doped ceria and 50 mol% rare-earth doped ceria 
barrier layers.  The best performance was obtained with a NNO- 50 mol% neodymium 
doped ceria (NDC50) oxygen electrode with a NDC50 barrier layer.  The polarization 
resistance in air at 800°C was 0.19 Ω.cm2 which was almost 10 times better than the 
LSM-YSZ electrode which had a resistance of 1.81 Ω.cm2.  The change from a GDC10 
barrier layer to a NDC50 barrier layer greatly reduced the overall polarization resistance 
for the NNO composite oxygen electrode.  This change is probably due to improved 
chemical stability of nickelate materials with 50 mol% rare-earth doped ceria.  Further 
improvements could be made by tailoring both the oxygen electrode and barrier layer 
microstructure.  
 Additionally, EIS modeling showed a clear difference between LSM-YSZ 
electrodes and nickelate-doped ceria electrodes with the nickelate electrodes’ processes 
having a higher dependence on pO2.  This suggested that the oxygen reduction reaction of 
the nickelate-50 mol% doped ceria electrodes with GDC10 barrier layers was controlled 
by both oxygen dissociation and either charge transfer or oxygen ion diffusion while the 
LSM-YSZ electrodes were controlled primarily by charge transfer.  However, changing 
the barrier layer of the NNO-NDC50 electrode from GDC10 to NDC50 was shown to 
change the mechanism of the oxygen reduction reaction to be primarily controlled by the 
oxygen dissociation reaction.   
Chapter 4 focused on full anode supported cells which were tested with both 
single phase LNO and composite LNO-50 mol% lanthanum doped ceria (LDC50) 




limited by activation polarization which decreases with increasing oxygen partial 
pressure.  Cell performance can be improved by the use of composite nickelate-doped 
ceria electrodes with a dopant concentration close to the solubility limit.  The LNO-
LDC50 electrode had the highest power density at 0.7 V and 800°C in air of 1.18 W.cm-2 
which was almost two times higher than the single phase nickelate cell.  The LNO-
LDC50 cell also outperformed the NNO-NDC50 and the LSM-YSZ cell.   Additionally, 
these nickelate-50 mol% rare-earth doped ceria cathodes have the advantage of long term 
chemical stability as shown in Chapter 2.  Therefore, this high performance should be 
retained during operation.   
 Finally, Chapter 5 analyzed the oxygen surface exchange coefficients of both 
LNO and NNO using electrical conductivity relaxation (ECR) experiments.  These 
experiments were performed using multiple oxygen transients to gain an understanding of 
the oxygen surface exchange coefficient and the oxygen diffusion coefficient of 
nickelates as a function of oxygen partial pressure.  The results showed the importance of 
microstructure when determining oxygen surface exchange and diffusion coefficients.  
When analyzing dense ECR bars, NNO shows consistently smaller surface exchange 
coefficients than LNO.  However, when analyzing porous bars, the surface exchange 
coefficient is one order of magnitude lower or equal to that obtained on dense bars but 
similar to values found in literature for thin films.  Also porous bars show there is no 
difference in the oxygen exchange kinetics between the LNO and NNO or with changes 
in temperature.  This is important because realistic oxygen electrodes are porous and 




in the literature.  However, these differences might not be caused by their surface 
exchange kinetics but other processes at the electrode-barrier layer or barrier layer- 
electrolyte interfaces.  Therefore, surface exchange and diffusion coefficients found on  
porous bars may be more useful when analyzing cell performance results.  Similarly, it is 
shown that the addition of a porous layer onto a dense bar enhances the surface exchange 
reaction of NNO.  Additionally, the oxygen surface exchange kinetics are faster in the 
oxidizing than the reducing direction.  While this observation was seen in the dense bars, 
it was more dramatic in the porous bars.  This implies that porous nickelate electrodes 
could make especially good SOEC oxygen electrodes which operate in the oxidizing 
direction.    
 This work demonstrates that LNO and NNO have potential as oxygen electrodes 
for SOFC and SOEC applications especially when combined with 50 mol% rare-earth 
doped ceria.  The composite nickelate- 50mol% rare-earth doped ceria electrodes have 
low polarization resistances and are chemically stable.  Therefore, they should be able to 
retain this high performance during operation.  Additionally, 50 mol% rare-earth doped 
cerias make effective barrier layers which can increase cell performance and increase 
electrode stability during sintering.  Also LNO and NNO might be especially good SOEC 




7. SUGGESTIONS FOR FUTURE WORK 
 
It is suggested that future work in this project or follow on projects should focus on: 
 Analysis of composite nickelates as SOEC electrodes:  ECR studies have shown 
that nickelates might make especially good SOEC oxygen electrodes because of 
their fast oxidation kinetics. 
 Distribution of relaxation times (DRT) modeling:  The EIS models in this work 
represent preliminary models based on literature review and visual observation.  
However, DRT could be used in future work to more accurately separate various 
contributions from the total polarization resistance. 
 Analysis of a LNO-LDC50 electrode with a heavily doped ceria barrier layer: 
This work showed delamination of a LNO-LDC50 electrode when applied on a 
LDC50 barrier layer.  Changing the vol% ratio of the composite electrode could 
help to reduce coefficient of thermal expansion mismatch which caused 
delamination.  Alternatively, the LNO-LDC50 electrode could be applied on a 
NDC50 barrier layer.  The goal would be to create a more chemically stable 
interface and see how that affects cell performance. 
 Long term performance testing of composite nickelate electrodes with heavily 
doped ceria barrier layers as both SOEC and SOFC oxygen electrodes. 
 Analysis of a symmetrical cell with a different MIEC oxygen electrode: The 
composite nickelate electrodes in this work were compared to composite LSM 




mixed ionic and electronic conductors (MIECs).  Comparison to a different MIEC 
electrode could help to determine what performance improvements come from 
being a mixed conductor. 
 Continued improvements on the microstructure of nickelate electrodes and barrier 
layers:  The nickelate electrodes is this work had a coarse structure with large 
pores.  Research suggests a finer structure might improve performance.  Similarly 
the NDC50 barrier layers were less dense than the standard GDC10 barrier layers.  
Densifying the NDC50 barrier layer could help to increase TPB length and thus 
performance.   
 ECR testing of LSCF or other MIEC material with vacancies as the primary ionic 
point defect:  Nickelates have oxygen interstitials as their primary ionic point 
defect which effect oxygen transport and reduction.  Analysis and comparison to a 
material with vacancies as the primary ionic point defect could help to determine 
how these interstitials are actually affecting oxygen exchange kinetics 
 Adding dopants to nickelate oxygen electrodes:  Adding dopants will change the 
oxygen interstitial concentration of the electrodes and give a better understanding 
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